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ABSTRACT 
Investigating Patterns of Fluvial Form and Incision Near the Yellowstone Hotspot — 
Alpine Canyon of the Snake River, Wyoming 
by 
Daphnee Tuzlak, Master of Science 
Utah State University, 2017 
 
Major Professor: Dr. Joel L. Pederson 
Department: Geology 
 
 
The Snake River flows across the dynamically uplifting hotspot plume of the 
Yellowstone region, cuts through the Snake River Range and ultimately enters the low-
lying eastern Snake River Plain. Thermal and mantle-dynamic uplift around Yellowstone 
has been recorded by short-term geodesy and modeled by geophysicists, but 
measurements over Quaternary timescales and an understanding of how that uplift 
influences regional incision are absent. The Snake River is the only regional river that 
crosses the uplifting Yellowstone Plateau and flows into the subsiding eastern Snake 
River Plain (SRP), and provides an opportunity to investigate both ends of the 
phenomenon on the tailing margin of the Yellowstone region.  
This thesis consists of two related studies conducted in Alpine Canyon of the 
Snake River. The first is a study of fluvial terraces and steepness patterns along the Snake 
River considering the spatial distribution of bedrock or varying hardness and resistance to 
erosion and in the context of regional tectonics. This study uses surficial mapping, 
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optically stimulated luminescence (OSL) dating, bedrock strength measurements, and 
steepness analyses of the mainstem Snake River and tributary drainages. Results include 
the first incision rate estimates for the southwestern part of the Yellowstone hotspot 
region and a discussion of the possible sources of baselevel fall along the Snake River.  
The second study documents the transitions between bedrock and alluvial 
channels in the study area and evaluates morphometric and transport capacity thresholds 
between these reaches. Alluvial bed-cover mapping with a side-scan sonar along with 
channel morphometric data, clast-counts, and sediment transport estimates allow us to 
explore what controls these two fundamental channel types. 
Results confirm that the Snake River has relatively fast incision rates for the 
interior western U.S. and that the Snake River is adjusting to an actively deforming 
landscape. Additionally, our dataset provides field documentation of the magnitude of 
bedrock-alluvial transitions and may be valuable for parameterizing landscape evolution 
models or assisting in the restoration of reaches that are in disequilibrium due to changes 
in land use or climate. This study will hopefully inspire future studies of tectonism and 
landscape evolution of the Yellowstone hotspot region.  
 (114 pages) 
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PUBLIC ABSTRACT 
 
Investigating Patterns of Fluvial Form and Incision Near the Yellowstone Hotspot — 
Alpine Canyon of the Snake River, Wyoming 
Daphnee Tuzlak 
The shape of a landscape is created by rivers, which erode the underlying bedrock 
and carve through mountains. The Snake River flows across the uplifting hotspot plume 
of the Yellowstone region, cuts through the Snake River Range, and ultimately enters the 
low-lying eastern Snake River Plain. Although there is a good understanding of the track 
of the Yellowstone hotspot over geologic time and shorter timescales, measurements over 
Quaternary timescales and an understanding of how uplift influences the rivers and 
landscape in the Yellowstone region are absent. We study the Snake River and its past 
deposits where it cuts through Alpine Canyon to observe its history over the past 100,000 
years. Additionally, we constrain changes in the shape of the river channel where it is 
directly in contact with the underlying bedrock and where the riverbed is composed of 
river gravels to explore the controls on different river channel types. Our study of river 
deposits and drainage patterns along the Snake River indicates that the Snake River is 
incising relatively fast in relation to the interior western U.S. and that the river is 
adjusting to an actively deforming landscape. Additionally, our dataset provides field 
documentation of the magnitude of changes in channel types that may be valuable for 
parameterizing landscape evolution models or assisting in the restoration of river reaches 
that are in disequilibrium. This study will hopefully inspire future studies of tectonism 
and landscape evolution of the Yellowstone hotspot region.  
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CHAPTER 1 
INTRODUCTION 
 The Snake River flows across the dynamically uplifting hotspot plume of the 
Yellowstone regions, cuts through the Snake River Range, and ultimately enters the low-
lying eastern Snake River Plain. Thermal and mantle-dynamic uplift around Yellowstone 
has been recorded by short-term geodesy and modeled by geophysicists, but 
measurements over Quaternary timescales and an understanding of how that uplift 
influences regional incision are absent. Because the Snake is the only regional river 
crossing from the uplifting Yellowstone Plateau and flowing into the subsiding eastern 
Snake River Plain (SRP), it provides an opportunity to investigate both ends of the 
phenomenon on the tailing margin of the Yellowstone region. The purpose of this 
research is to: 1) document and analyze the fluvial terraces of the Snake River in order to 
quantify incision rates and investigate tectonic uplift related to the Yellowstone hotspot; 
and 2) further our understanding of channel adjustments involved at the threshold 
between bedrock and alluvial channels. This study will hopefully inspire future studies of 
tectonism and landscape evolution of the Yellowstone hotspot region. 
 This thesis consists of two related studies conducted in Alpine Canyon of the 
Snake River. The first is a study of fluvial terraces and steepness patterns along the Snake 
River in the context of the spatial distribution of bedrock or varying hardness and 
resistance to erosion and in the context of regional tectonics. The second study 
documents the transitions between bedrock and alluvial channels in the study area and 
evaluates morphometric and transport capacity thresholds between these reaches.   
Chapter 2 investigates fluvial-terrace chronostratigraphy in Alpine Canyon, and 
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the steepness of the mainstem and tributaries in relation to bedrock strength. This 
chapter will hopefully inspire future work in the region to understand fluvial response 
during the late Pleistocene to migration of the Yellowstone hotspot. This study uses 
surficial mapping, optically stimulated luminescence (OSL) dating, bedrock strength 
measurements, and steepness analyses of the mainstem Snake River and tributary 
drainages. Results include the first incision rate estimates for the southwestern part of the 
Yellowstone hotspot region and a discussion of the possible sources of baselevel fall 
along the Snake River. This chapter is intended to be a draft manuscript coauthored by 
Dr. Joel Pederson and me that is targeted for the Geological Society of America Bulletin.  
Chapter 3 is a study of the attributes and controls of bedrock and alluvial channel 
form of the Snake River. Alluvial bed-cover mapping with a side-scan sonar along with 
channel morphometric data, clast-counts, and sediment transport estimates allow us to 
explore what controls these two fundamental channel types.  
Chapter 4 is a summary of these two studies and their implications for Quaternary 
deformation surrounding the Yellowstone hotspot, as well as the transition between 
bedrock and alluvial channel forms in a dynamic landscape.  
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CHAPTER 2  
TECTONIC AND ROCK-TYPE CONTROLS ON INCISION AND STEEPNESS      
ON THE FLANK OF YELLOWSTONE HOTSPOT —                                           
ALPINE CANYON OF THE SNAKE RIVER  
ABSTRACT 
Understanding patterns of deformation and testing geophysical models in the 
dynamic region of the Yellowstone Hotspot requires Quaternary-scale records of incision 
and uplift, which are currently absent. This study examines fluvial terraces and 
longitudinal-profile metrics along Alpine Canyon of the Snake River, WY in the context 
of the underlying bedrock. Because the Snake is the only regional river crossing from the 
uplifting Yellowstone Plateau and flowing into the subsiding eastern Snake River Plain 
(SRP), it provides an opportunity to investigate both ends of the phenomenon on the 
tailing margin of the Yellowstone region. We test three possible sources of baselevel fall 
affecting the field area: 1) activity of the Grand Valley normal fault at the mountain front 
of the Snake River Range; 2) broad subsidence of the eastern SRP; and 3) uplift upstream 
from the study area. Datasets include surficial mapping, rock strength measurements, 
surveying of the longitudinal profile and terraces using RTK-GPS, optically stimulated 
luminescence dating of fluvial-terrace deposits, and investigation of drainages through ksn 
and ! analyses. Results confirm that the Snake River has relatively fast incision rates for 
the interior western U.S. and that the Snake River is adjusting to an actively deforming 
landscape. Secondly, our analysis of longitudinal profile steepness, with careful 
consideration of lithologic differences, reveals that the complex geologic template of 
Alpine Canyon of the Snake River obscures baselevel signals, especially in smaller-order 
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tributaries. This study will hopefully inspire future studies of tectonism and landscape 
evolution of the Yellowstone hotspot region.  
INTRODUCTION 
The region of the Yellowstone hotspot is one of the most dynamically deforming 
and evolving landscapes in the continental U.S., both in terms of surface processes and 
subsurface processes (e.g. Smith and Braile, 1994; Pierce and Morgan, 2009; Smith et al., 
2009). Magmatic-thermal and mantle-dynamic uplift around Yellowstone is recorded by 
short-term geodesy and has been extensively modeled by geophysicists (e.g. Chang et al., 
2007; Smith et al., 2009; Pierce and Morgan, 2009; Huang et al., 2015; Tizzani et al., 
2015). Subsidence of the adjacent eastern Snake River plain (SRP) is interpreted from 
rocks, structures, and landforms and caused by crustal extension and basaltic magmatism 
(McQuarrie and Rodgers, 1998; Rodgers et al., 2002). Estimates of the rates of uplift and 
fluvial erosion during the Quaternary are intermediate between the shorter-term 
measurements of geodesy and the longer-term perspective of most geological studies and 
are lacking in the region. Studying these Quaternary rates and patterns of incision along 
rivers flowing from the Yellowstone region is important to test models and interpretations 
of uplift and subsidence in the region.  
To better understand Yellowstone landscape evolution, we document the fluvial 
terrace chronostratigraphy and explore patterns of incision along the Snake River flowing 
in a deep bedrock canyon through the Snake River Range. Elsewhere, bedrock channels 
have been observed to set the pace of erosion in a landscape, and for channels in steady 
state with similar lithologies and climates, channel patterns are adjusted to match regional 
uplift rates (Wobus et al., 2006; Kirby and Ouimet, 2011; Kirby and Whipple, 2012). A 
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complex suite of sedimentary rocks including limestones, sandstones and siltstones, and 
shales that have a varying hardness underlies our study area. Until recently, the 
complication of widely varying bedrock resistance has been largely ignored in the 
explanation of the characteristics and evolution of longitudinal profiles. Theoretically, 
bedrock resistance has the same effect as uplift in causing narrowing and steepening of 
channels (Kirby and Whipple, 2001; Duvall et al., 2004; Brocard and vanderBeek, 2006; 
Wobus et al., 2006; Perron and Royden, 2013). If stream steepness is in dynamic 
equilibrium with the substrate, the longitudinal profile should scale to the resistance of 
the bedrock being incised. However, in disequilibrium landscapes affected by modern 
tectonism such as may exist in the Yellowstone hotspot region, the existence of transient 
knickzones prevents simple differentiation of the influence of bedrock from the influence 
of tectonics (Bursztyn et al., 2015). Fluvial terraces and longitudinal profiles record the 
fluvial history and are valuable as markers of deformation (Merritts et al., 1994; Burbank 
et al., 1996; Pazzaglia et al., 1998). With OSL chronostratigraphy from fluvial terrace 
gravels, it is possible to calculate approximate bedrock incision rates for the Snake River 
through the climate-driven oscillations of terrace formation during the past 100 kyr 
(Gallen et al., 2015).  
We focus on a section of river where the Snake River forms a deep bedrock 
canyon and cuts across the Snake River Range, which is locally known as Alpine Canyon 
(Figure 1). The study area has a suite of well-preserved fluvial terraces and we aim to 
document, correlate, and date fluvial terraces of the Snake River with optically stimulated 
luminescence (OSL) in order to quantify incision rates and patterns through the canyon. 
Additionally, we aim to investigate topographic and longitudinal profile patterns in 
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tributaries in the context of different bedrock lithology. Incision rates and patterns as 
well as topographic metrics in context of the underlying bedrock will be used to test three 
possible sources of baselevel fall affecting the field area.  
BACKGROUND 
Yellowstone geodynamics 
The Yellowstone region, including the study area, is thought to be uplifting by the 
rising plume of the Yellowstone hotspot that is overlain by relatively thin and low-
density crust (Lowry et al., 2000; Pierce and Morgan, 2009). The Yellowstone hotspot 
has been a source of volcanism during the past 17 Ma, and its track across the SRP is 
documented by extensive volcanism and faulting (Pierce and Morgan, 2009). Today’s 
Yellowstone region has sub-crustal heat flow that is 30-40 times the average of 
continents, and it is one of the most seismically active areas of the western U.S. The 
Yellowstone Caldera, site of the most recent volcanism in the region, continues to 
actively deform (Pierce and Morgan, 2009). For example, short-term geodesy by GPS 
and InSAR have found vertical surface motions averaging 1-2 cm/yr between 1923-2004, 
and as high as 7 cm/yr between 2004-2006 (Chang et al., 2007, 2010; Tizzani et al., 
2015).  
The eastern SRP is influenced by the track of past volcanism associated with 
passage of the hotspot from the west to its present location in northwestern Wyoming. 
The eastern SRP is an 800-km long and 80-km wide structural and topographic 
depression surrounded by high topography to the northeast of Yellowstone. Total relief 
between the Yellowstone Plateau and eastern SRP, 800 km to the southwest, is 1300 m 
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(Figure 1) (Smith and Braile, 1994). The eastern SRP has flexurally subsided relative to 
the adjacent northeastern Basin and Range Province, 4.5-8.5 km according to flexural 
profiles (McQuarrie and Rodgers, 1998). Subsidence is due to the emplacement of a 
thick, dense, mafic succession in the middle of the crust as well as cooling and thermal 
contraction in the wake of the passing of the Yellowstone hotspot (McQuarrie and 
Rodgers, 1998; Rodgers et al., 2002). Subsidence of the SRP is also reflected in drainage 
reversals into the SRP during the middle to late Pleistocene (Rodgers et al., 2002), and 
detrital zircon provenance studies suggest that the upper Snake River only joined the 
lower Snake River in the last 2.5 Ma as the drainage shifted northeast toward the 
Yellowstone Crescent of High Terrain (YCHT) (Link et al., 2005; Beranek et al., 2006; 
Wegmann et al., 2007; Pierce and Morgan, 2009). 
Local geologic background 
The headwaters of the Snake River are in the Absaroka Range and the 
Yellowstone Plateau of northwestern Wyoming. Downstream, the Snake River enters 
Jackson Hole where its flow is greatly increased by Pacific Creek, Buffalo Fork, and the 
Gros Ventre River that drain the southern part of the Absaroka and Gros Ventre Ranges. 
The Snake River flows parallel to the Teton Range, exits Jackson Hole, and flows south 
in a low relief canyon to its confluence with the Hoback River. The study area is the 
segment of the Snake downstream from the Hoback where the river turns to the west and 
bisects the Snake River Range to the confluence with the Greys River. The Snake then 
flows through Swan Valley and the Big Hole mountains then enters the eastern SRP 
(Figure 1). The Snake River Range lies in the main part of the Idaho-Wyoming Thrust 
belt developed during the Sevier Orogeny in middle Cretaceous time (Heller et al., 1986). 
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Sevier tectonism provided a geologic template of Paleozoic carbonates to the west and 
weaker Mesozoic sedimentary rocks to the east along the Snake River Range (Figure 2). 
In addition to varying lithologic strength through this thick and diverse section, multiple 
episodes of faulting, especially along the Grand Valley fault that was most active 5-2 Ma 
(Pierce and Morgan, 2009), have resulted in an asymmetric Snake River Range that is 
steeper to the west and less steep to the east. The Grand Valley fault is a north to 
northwest-striking normal fault at the mouth of Alpine Canyon that is roughly 
perpendicular to the trend of the SRP. Although Alpine Canyon is approximately 1 km 
deep and the Snake River Range has high mountain-front relief on the western flank, 
Piety et al. (1992) did not find evidence for a recent surface rupture in Pleistocene gravels 
or Quaternary displacement at the mouth of the canyon. Importantly, a previously 
unmapped fault lies within the study area. The Astoria normal fault system cuts across 
Pleistocene gravels and was potentially active before and after Quaternary gravel 
deposition (Figure 2 and Appendix/Plate A) (Dave Rodgers and Spencer Wood, personal 
communication, January 12, 2016). 
Fluvial incision in the Yellowstone region 
Fluvial incision rates and landscape evolution have not been studied on the 
southwestern flank of the Yellowstone hotspot; however, previous studies have estimated 
incision rates of the Yellowstone, Bighorn, Wind, and Clarks Fork rivers that drain north 
and east from the Yellowstone region (Reheis, 1985; Dethier, 2001; Sharp et al., 2003; 
Pierce and Morgan, 2009). These studies found that longer-term incision rates since the 
640 ka Lava Creek B tephra eruption have been modestly high — more than 150 m/Myr 
(0.15 mm/yr) (Reheis, 1985; Dethier, 2001). Additionally, Sharp et al. (2003) calculated 
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incision rates of 180 ± 60 m/Myr between Bull Lake and marine isotope stage (MIS) 4 
terrace deposits in the Wind River Range. Past work modeling fluvial incision driven by 
tectonic uplift of Yellowstone found that drainage network evolution has a delayed 
response to rock uplift rates over million-year timescales. Additionally, the estimated 
incision rates driven by the tectonic uplift of Yellowstone may be lower than the rock 
record suggests, and region tilting on the scale of 1000 km may better explain the 
observed drainage network patterns (Riihimaki et al., 2007). Evidence of differential 
uplift has been identified in the Bighorn Basin where terraces from streams on the leading 
edge of the YCHT converge downstream away from the Yellowstone hotspot (Pierce and 
Morgan, 2009). Terraces on the Wind River, 200 km southeast of Yellowstone, also 
converge downstream. The terrace profiles of an older and younger terrace dated by the 
640 ka Lava Creek B Tephra and a 150 ka U-series soil-carbonate clast coating differ by 
30 m in height over a 90-km distance. Extrapolating this inferred tilt over a total uplift 
period of 8 Myr and the length of total uplift of 200 km, Pierce and Morgan (2009) 
estimated uplift rates on the leading edge of the YCHT of 0.1 mm/yr. Other estimates of 
uplift on the leading edge of the YCHT have been based on the incision of basalts (0.3 
mm/yr), the uplifted 2.05 Ma Huckleberry Ridge Tuff (0.1-0.3 mm/yr), and changes in 
the equilibrium line altitude (0.1-0.4 mm/yr) (Pierce and Morgan, 2009). 
Role of climate in fluvial terrace formation 
Climate plays an important role in processes involved in fluvial-terrace formation. 
Previous workers studying fluvial deposits in this region assumed that the terraces in 
Alpine Canyon and in Swan Valley could be traced to glacial deposits near Jackson Hole 
(Walker, 1964; Stoll, 1991). Several field studies and numerical modeling suggest that 
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proglacial fluvial terraces are laterally beveled and alluvium is deposited during 
periods of glaciation and then incised during interglacial periods of lower sediment load 
(Hancock and Anderson, 2002; Bridgland and Westaway, 2008; Gibbard and Lewin, 
2009). Reconstructions of past glaciations show that the Bull Lake ice sheet extended to 
the upstream end of Alpine Canyon near the town of Hoback where there is a Bull Lake 
moraine dated to 136 ± 13 ka (Licciardi and Pierce, 2008). The Pinedale glaciation was 
less extensive, and Pinedale moraines of the Yellowstone glacial system range in age 
from 19-15 ka, with the outermost moraines extending approximately 60 km upstream of 
the study area near Jenny Lake (Licciardi and Pierce, 2008). Given its proglacial setting, 
we expect the formation of terraces along Alpine Canyon to be linked to orbital-glacial 
cycles, following Hancock and Anderson’s (2002) model.  
Fluvial terraces and longitudinal profiles as tectonic markers 
All rivers respond to baselevel fall, and many studies have shown that a river’s 
longitudinal profile and its preserved terraces are valuable tectonic markers. Tectonic 
changes are preserved in terraces that are tilted, faulted, or folded (Merritts et al., 1994; 
Burbank et al., 1996; Pazzaglia et al., 1998). Studies show that increasing incision 
towards river headwaters is indicated by terraces that diverge upstream, whereas 
increasing downstream incision is indicated by terraces that diverge downstream 
(Merritts et al., 1994; Kirby and Whipple, 2001; Wegmann and Pazzaglia, 2009; Gran et 
al., 2013). 
Bedrock channel profiles are influenced by climate, lithologic, and tectonic 
conditions, and transience of disturbed channels can persist for periods of 104-106 years 
(Kirby and Whipple, 2012). Adjustments to tectonic deformation can be recorded by 
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knickpoints, convexities, or concavities in the longitudinal profile and reach-scale 
changes in a river’s gradient, which can be analyzed by channel steepness indexes (ks) 
and concavity (θ). These metrics are quantified using a power-law relationship between 
channel gradient (S) and upstream drainage area (A), which is known as Flint’s Law 
(Flint, 1974): ! = !!!!!      (1) 
Knickpoints are key features of long profiles that are either mobile due to a propagating 
wave of incision, or anchored in space due to changes in substrate resistance or by debris 
flows or landslides. Knickpoints can be classified as vertical-step where ks and θ of the 
profile are the same upstream and downstream from the knickpoint, or slope-break where 
they separate reaches with different values of ks and θ. Both vertical-step and slope-break 
knickpoints may be mobile or fixed, and distinguishing between them requires additional 
information concerning the longitudinal variation in the resistance of near channel 
lithologies, landslides, or active faults (Kirby and Whipple, 2012).  
Another approach for analyzing longitudinal profiles is calculating a channel 
steepness index by plotting elevation along the river profile against ! where elevation (z) 
is the dependent variable and ! is an integral of drainage area (Perron and Royden, 2013). 
This parameter is likewise derived from the stream power erosion law and described by:  ! ! = !! !! + ( !!!!!)!!! ,    (2) 
with ! = ! ( !!! ! )!!!!! dx!!    (3) 
where ! !!  is the elevation at the river’s baselevel, U is rock uplift, K is an erodability 
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coefficient, m and n are empirical coefficients, and A0 is a reference drainage area. Chi 
plots bypass the use of derivative channel gradient from digital elevation models (DEM), 
which contain error and scatter that is propagated. A channel in steady state will have a 
linear chi plot, and tributaries that share the steady state will be co-linear with the main 
stem. Similar to ks, chi plots with breaks in slope identify knickpoints that may be 
transient, separating reaches of different steepness, or pinned, separating zones of 
different bedrock or uplift rates. Unlike ks, the linearity of a steady state chi plot means 
that one can identify what the steady-state elevation would be at location x (Willett et al., 
2014). 
Lithologic controls on bedrock incision 
Tectonic signatures are overlain upon lithologic controls, as rock strength varies 
along a river. Bedrock incision is typically understood and modeled as a function of 
stream power, the rate of potential energy loss of the flow. Unit stream power is: Ω! = !"#$!       (4) 
where ! is the density of water, g is gravity, Q  is an index discharge, S is the slope, and 
w is the channel width (Howard and Kerby, 1983).  Slope and channel width are the 
adjustable factors that scale to long-term incision rates and baselevel fall. Recent stream 
power based models have indicated that bedrock channels significantly narrow and 
steepen with increasing incision rates, but that channel morphology and incision rate are 
also influenced by sediment supply (Burbank et al., 1996; Finnegan et al., 2007; Yanites 
and Tucker, 2010; Whipple et al., 2013).  
Yet, it is recognized that channel width and steepness are also controlled by 
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lithology. Narrower, steeper channels occur in more resistant bedrock (Montgomery 
and Gran, 2001; Whipple, 2004; Bursztyn et al., 2015). Studies measuring bedrock 
erosion with rocks of varying tensile strength have found that erosion rates vary inversely 
with the square of tensile strength (Sklar and Dietrich, 2001). Bursztyn et al. (2015) 
found that reach-averaged tensile strength linearly correlates to gradient, and positively to 
stream power and inversely to channel width via power-law relations. Given the 
influence of substrate resistance and the difficulty in separating it from baselevel signals, 
this study evaluates channel steepness and morphology in consideration of the changes in 
the underlying bedrock.   
Sources of baselevel fall along the Snake River 
The deep incision of Alpine Canyon and its steepness through the Snake River 
Range necessitate a source of baselevel fall. As the Snake River crosses this transect from 
Alpine Canyon and into the eastern SRP, there are three possible sources of baselevel fall 
affecting the field area: 1) activity of the Grand Valley normal fault at the mountain front 
of the Snake River Range; 2) broad subsidence of the eastern SRP; and 3) uplift upstream 
from the study area. Uplift in the headwaters of the Snake would include the broad uplift 
of the Snake River Range and Alpine Canyon. It is possible that baselevel fall in Alpine 
Canyon is caused by any one, or all three, of these sources.  
The three prospective sources of baselevel fall provide distinct hypothetical long-
profile and terrace patterns. Local baselevel fall from activity on the Grand Valley fault 
should generate knickpoints that we would observe at similar relative elevations across 
the mainstem and tributaries, and which are not caused by variations in underlying 
bedrock resistance (Crosby and Whipple, 2006; Gallen et al., 2013). Additionally, we 
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would expect little or no incision downstream of the Grand Valley fault. In the second 
hypothetical case of broad subsidence of the eastern SRP, we would expect subsidence to 
propagate from 100’s of kilometers downstream in the eastern SRP. Knickpoints tend to 
diffuse with increasing distance from the source of baselevel fall, so we would expect a 
broad knickzone rather than a single knickpoint. We may also expect that this broad 
knickzone be pinned or hung up in more resistant bedrock. Additionally, because the 
source of baselevel fall is from the eastern SRP, we would expect incision to extend 
below Alpine Canyon and continue out into the eastern SRP. In regards to the third case 
of uplift in the headwaters of the Snake River, we expect tilted terraces that converge 
downstream such as in the Bighorn Basin and Wind River (Pierce and Morgan, 2009). In 
reality, we may expect more than one source of baselevel fall resulting in a combination 
of these distinguishable patterns in the landscape.  
METHODS 
Terrace chronostratigraphy 
Surficial deposits were mapped at a 1:12,000 scale along the canyon-bottom 
corridor in order to document all fluvial-terrace deposits and their stratigraphic relations 
with tributary debris fans, landslides, and colluvium (Appendix/Plate A). The study area 
was distinguished into two bedrock reaches and one alluvial reach. In the bedrock reaches 
the channel cannot widen, lower, or shift its bed without eroding bedrock (Turowski et 
al., 2008). The alluvial reach is characterized by the presence of alluvial bars, banks of 
alluvium and bedforms (Ashley et al., 1988; Church, 2006). The three morphologically 
distinct reaches along Alpine Canyon are: 1) an upper bedrock canyon between river km 
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0-5.5 (where km 0 is the confluence of the Snake River and the Hoback River); 2) a 
wider alluvial reach between river km 5.5-17; and, 3) a lower bedrock canyon between 
river km 17-39 (Figure 2). Mapping was conducted using an iPad running GIS Pro in the 
field (Garafa LLC, 2015), then edited in ESRI ArcMap in the lab. The height of fluvial 
terrace deposits relative to the modern river surface at a discharge of 95 m3/s (3350 ft3/s) 
was recorded in the field using a hand level, a method accurate to ± 0.5 m. Terraces were 
correlated by their landscape position as well as by OSL chronology. Major units mapped 
were Qag1-3 (fluvial-terrace deposits), Qagp1-3 (piedmont/tributary fan deposits), Qms 
(mass-movement landslide deposits), and Qc (colluvium).  
Sand lenses from fluvial terrace deposits were sampled for OSL dating. OSL ages 
are calculated based on the amount of charge stored in quartz or feldspar grains since 
they were last exposed to sunlight. It is possible to obtain the age from dividing the 
equivalent dose, the radiation energy absorbed since the grains were last exposed to 
sunlight, by the environmental dose, an estimate of the mean radiation dose from 
surrounding deposits (Rhodes, 2011). Samples were collected in aluminum tubes from 
the base and near the top of terrace deposits for Qag2 and Qag3 in upstream and 
downstream reaches where possible. Samples were also collected for Qag1 and Qagp1, 
but only from one location, given the few sand lenses present in these terrace deposits 
and few occurrences. Sample sites were chosen based on primary sedimentary structures 
present to avoid bioturbation, thickest beds of sand for best dose rates, and > 1 m below 
the geomorphic surface. Samples were processed in the USU Luminescence Lab where 
standard lab procedures were followed to separate and purify quartz. The luminescence 
signal was measured with a Risø TL/OSL-DA-20 reader using the single-aliquot 
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regenerative-dose (SAR) protocol (Murray and Wintle, 2000). Aliquots had grain sizes 
between 90-250 µm, and ages were calculated with a central or mean age model from 15-
22 accepted aliquots (Table 1). Water content was collected in situ for each sample and 
the average water content of 10% was used for all samples to account for seasonal 
variation between samples collected. The environmental dose was collected evenly from 
sediments 30 cm around the sample site and 100 g were subject to elemental analysis by 
intra coupled plasma through inductively coupled plasma mass spectrometry (ICP-MS) 
and atomic emission spectroscopy (ICP-AES). In cases where cobbles and pebbles were 
present within 30 cm of the sample site (USU-2302 and USU-1998), cobbles and pebbles 
were crushed, and cobble, pebble, and sand chemistry were calculated independently and 
the gamma and beta portion of the total dose rate were weighted based on the geometry 
of cobbles, pebbles, and sand surrounding the sample (Table D1).  
Dating fluvial-terrace deposits gives an age for when the sediment was deposited 
during lateral planation, or during aggradation of a fill terrace. A limitation in using OSL 
to date proglacial fluvial sediments is that exposure to sunlight (bleaching) can be 
incomplete due to turbid water (Jain et al., 2004). Partial bleaching of pre-existing 
charges stored within the grains can lead to overestimated ages; however, partial 
bleaching has relatively less effect in older fluvial deposits, and is often considered 
negligible in samples > 15 ka (Jain et al., 2004; Fuchs and Owen, 2008; Rittenour, 2008).  
Bedrock-strength measures 
The spatial extent of bedrock types was taken from the 1:500,000-scale bedrock 
geology map of Wyoming (USGS, 2005), and the suite of Paleozoic and Mesozoic 
sedimentary rocks in the study area was generalized into five bedrock groups for analyses 
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of bedrock strength. The five generalized bedrock groups are: 1) lower Paleozoic 
carbonates: Bighorn, Gallatin, and Gros Ventre formations; 2) middle-upper Paleozoic 
carbonates: Phosphoria, Wells, Mission Canyon, Lodgepole, and Darby formations; 3) 
lower Mesozoic sedimentary rocks: Gypsum Spring, Nugget, Thaynes, Ankareh, 
Woodside, and Dinwoody formations; 4) middle Mesozoic sedimentary rocks: Stump, 
Pruess, and Twin Creek; and 5) upper Mesozoic sedimentary rocks: Aspen, Bear River, 
and Gannet Group formations (Figure B1 and Table B1). The Teewinot Formation shown 
in Figure 2 was not included in a bedrock group because the Snake River only cuts across 
it at the mouth of Alpine Canyon where Palisades Reservoir alters the river.  
Bedrock strength was estimated by the Selby rock-mass strength (RMS) 
classification, including Schmidt hammer measurements and fracture/bedding spacing. 
Compressive rock strength was recorded with 50 Schmidt hammer measurements for 
nine formations (Table B1), because other formations either were not exposed, were too 
highly fractured, or were only a minor component along the river length. Secondly, the 
percentage of shale, sandstone/siltstone, and limestone for each formation was tallied 
from measured stratigraphic sections recorded by Wanless et al. (1955) in the Snake 
River Range (Tables B2 and B3).  
Geomorphic and terrain analyses 
The longitudinal profile of the Snake River was measured with a survey-grade 
Trimble GPS fixed to a raft measured during a discharge of 450 m3/s (15,900 ft3/s). At 
this flow Palisades Reservoir backfills the mouth of the canyon so the longitudinal profile 
was adjusted there. Field observations of the height of the basal T2 bedrock strath above 
the river suggests that the reservoir fills to 5 m above the true longitudinal profile of the 
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Snake River at the mouth of the canyon at river km 38. Additionally, USGS 
topographic maps from 1966 show the pre-dam river gradient below the study area. The 5 
m difference in height at river km 38 and the pre-dam gradient were extrapolated between 
river km 36-38 to account for the backfilling of Palisades Reservoir. The longitudinal 
profile was smoothed over a moving-average window of 500 m to account for noise in 
the data from whitewater rapids, and gradients were calculated over 500-m reaches from 
the smoothed profile.  
The width of the active channel was delineated from National Agriculture 
Imagery Program orthophotos dated 2015/09/12 with 0.5 m resolution in ArcGIS. In the 
alluvial reach, the relative absence of vegetative cover and a change in sediment color 
were used to demarcate the active channel. Images were also compared to orthophotos 
from 2012/08/18 to determine which bars and islands were longer-lived features and 
those that were part of the active channel. For the bedrock reaches, the floodplain is 
absent, but width does not vary significantly with discharge. At the USGS gage within 
Alpine Canyon within the lower bedrock reach at river km 27.5, a rating relationship of 
flows from 1953-2015 indicates that width only varies approximately 12 m over a range 
of flows from 42-1060 m3/s (1,500-37,500 ft3/s). Width in the bedrock channel was 
delineated based on historic flood stages that we observed from exposed bedrock and 
gravel lining the banks of the river and were corroborated by field observations during 
high flows in late spring 2015. The reach-averaged width for 500-m reaches was 
calculated by the area of the active channel divided by the length of the channel 
centerline.  
To calculate the 2-yr discharge of the Snake River in the study area, the flows 
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were adjusted to account for the influence of the Jackson Lake Dam, which is 
approximately 92 km upstream of the study area. The daily flows of the streamflow gage 
in Alpine Canyon (USGS gage number 13022500) were adjusted following the approach 
of Erwin et al. (2011). The Bureau of Reclamation (BoR) provides daily estimates of 
flows if the dam did not exist (http://www.usbr.gov/pn/hydromet/arcread.html). The 
difference between the actual flows and the flow estimates from the BoR was added to 
the daily streamflow in Alpine Canyon and a 2-yr recurrence discharge was calculated 
from the reconstructed flows. In Alpine Canyon, the discharge from Jackson Lake Dam 
only accounts for approximately 30% of the total flow, and the reconstructed 2-yr 
recurrence flow was 22% greater than the actual flow record. The calculated 2-yr 
recurrence discharge was 675 m3/s (23,840 ft3/s).  There are only small creeks between 
the confluence of the Hoback and Greys River at either end of the study area, so the same 
values were considered applicable to the entire study area. Unit stream power was 
calculated for 500-m reaches of the Snake River through the study area. 
Tributary long-profile steepness analyses were made with 10-m DEMs from the 
USGS national elevation dataset (NED) and processed in ArcGIS and TopoToolbox2 in 
MATLAB (Schwanghart and Scherler, 2014). Comparably sized 2nd to 4th order 
tributaries were selected along the canyon and also draining from the eastern and western 
side of the Snake River Range north of the canyon. These tributaries are, from west to 
east: Indian Creek, Cottonwood Creek, Red Creek, Wolf Creek, Roos Creek, Pine Creek, 
Bailey Creek, Cabin Creek, Martin Creek, Dog Creek, and Fall Creek. Calculations of 
normalized channel steepness (ksn) are regressed stream segments with a channel head of 
1 km2 and a reference concavity (θref) of 0.45, which is common for comparing river 
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profiles in mountainous landscapes (Kirby and Whipple, 2012). To illustrate trends in 
ksn in mapview, values of ksn are averaged over 500 m stream segments. Chi steepness 
analyses conducted for tributaries using an assumed channel head A0 of 1 km2 and an m/n 
ratio of 0.30 as the best-fit ratio for all tributaries that drain into the Snake River within 
the study area.  
RESULTS 
Mapping and correlation of terraces   
Mapping of surficial deposits reveals distinctly different patterns between bedrock 
and alluvial reaches and differing patterns of preservation of fluvial terraces 
(Appendix/Plate A). Bedrock reaches have exposed bedrock on the bed and banks, and 
the channel is either narrow and deep or shallow and wide. Valley width is generally 
narrow (Figure 3) in bedrock reaches, and mainstem terrace gravels are often preserved 
buried beneath tributary debris fan deposits. In contrast, the intervening alluvial reach has 
a wide, multi-threaded braided channel whose banks are alluvial and whose bed has no 
exposed bedrock. The thickest fill-terrace deposits are present in the alluvial reach as well 
as immediately downstream from the mouth of Alpine Canyon near the town of Alpine 
where the channel is alluvial.  
Two primary fill terrace gravels (Qag3 and Qag2) were identified. Additionally, a 
relatively thin but prominent younger Qag1 gravel was identified; in places, this younger 
deposit may be a strath terrace (Figure 3). Terrace deposits of the Snake River are clast-
supported, rounded, imbricated pebbles and cobbles, with a few lenticular sand lenses 
that are moderately sorted and have cross-bedding in some cases (Figure 3). The Qag3 
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deposit is prominent in the alluvial reach, preserved beneath tributary fans in the lower 
bedrock canyon, and present at the mouth of the canyon near the town of Alpine. In one 
location, on the right bank at Astoria at river km 5.5, 84 m of fill is preserved, but 
elsewhere along the alluvial reach, the Qag3 thickness is approximately 35 m thick. The 
Qag3 fill is covered by a 15 m loess cap near Alpine (Figure 3). The Qag2 gravel is well 
preserved, especially beneath tributary fan deposits in the lower bedrock canyon. The 
Qag2 fill has a thickness of 5-16 m, and there is a lower T2y fill-cut terrace present in 
several places in the upper and lower bedrock canyons (Appendix/Plate A). The T1 
terrace and Qag1 deposit are mainly preserved in the alluvial reach with a thickness of 2-6 
m, though it is well-preserved in the upstream part of the lower bedrock canyon between 
river km 17-22. In the downstream end of the lower bedrock canyon, the T1 terrace is a 
beveled bedrock strath distinct from T2y, which is 2-6 m above the height of the modern 
water surface, such as at river km 34 (Appendix/Plate A).  
Preserved fluvial terraces exhibit distinct patterns from upstream to downstream 
in both their distribution and in the variation in height of their straths above the modern 
profile. The first pattern coincides with the three geomorphic reaches of the study area; 
the Qag2 deposit is prominent in the upper and lower bedrock canyons, whereas the 
alluvial reach has well preserved T1 terraces and the T2 terrace is almost entirely absent 
(Appendix/Plate A). The second pattern of variation in the heights of terraces is best 
illustrated by the T2 whose terrace tread is highest upstream near Hoback and near 
Alpine (Figure 4). In Hoback, the bedrock strath is 9 m above the modern channel, the fill 
thickness is 9.5 m, and the terrace tread is 18.5 m above the modern channel. At the 
mouth of the canyon near Alpine, the bedrock strath is 10.7 m, the fill thickness is 12.3 
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m, and the terrace tread is at 23 m above the modern channel (Figures 3 and 4). Yet, 
the T2 appears to decrease in height upstream between river km 3.5-23 where the 
bedrock strath is 4-6 m high, the fill thickness is 8-10 m, and the terrace tread is 12-14 m 
above the modern channel (Figures 3 and 4). The Qag2 fill only appears once in the 
alluvial reach beneath a tributary fan at river km 10, but is otherwise not preserved 
between river km 5-17.5. 
Tributary-fan deposits (Qagp1-3) are numerous along the canyon and typically 
inter-finger with and prograde over mainstem terrace deposits. In the lower bedrock 
canyon, there are tributaries with mouths at river kms 19, 21.5, 27, and 33.5 with 
especially well-preserved mainstem Qag2 and Qag3 interfingering with Qagp2 and Qagp3 
deposits (Appendix/Plate A).    
The distribution of landslides (Qms) and hillslope colluvium (Qc) is related to the 
underlying bedrock type. Landslides are common and dominant in areas where the 
underlying bedrock is the lower Cretaceous Aspen and Bear River formations or the 
Gannet Group. These formations are predominantly shale, siltstone, and sandstone, and 
have <10 % limestone (Table B3). There are 16 mapped landslides that have moved into 
the valley bottom and interacted with the river, and 13 of those initiated within the Aspen 
and Bear River formations or the Gannet Group (Appendix/Plate A and Table C1). There 
is also evidence of landslides crossing and displacing the river in the past. For example, 
there are T2 and T1 terraces beveled on Qms fill at river kms 3.5 and 17. Talus cones of 
colluvium are common and derived abundantly from the Madison Group in the lower 
bedrock canyon between river kms 25-30, as well as in Mesozoic sedimentary rocks 
along the alluvial reach (Appendix/Plate A). 
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Terrace chronology and incision rates  
Our OSL chronostratigraphy indicates that the oldest mainstem terrace fills were 
deposited approximately 100 kyr (Table 1 and Appendix D). The Qag3 deposit is best 
preserved at river kms 8-9 which is hereafter referred to as Astoria, and at the mouth of 
the canyon in Alpine. Four OSL samples were collected from the Qag3 gravel (Table 1). 
At Astoria, the fill on the left bank is 35 m thick and OSL samples taken from >20 and 
4.7 m depth have central ages of 97.2 and 92.9 ka, respectively. On the right bank at 
Astoria, there is an 84 m thick fill and ages taken from 40 and 25 m depth have central 
ages of 69.0 and 77.6 ka, respectively (Figure 3 and Table 1). These two ages (USU-2080 
and USU-2303) have error distributions that overlap only slightly, and thus the ages are 
stratigraphically reversed (Figure 3). The younger age of 69.0 ka (USU-2080) is from a 
sample located within approximately 5 m of the Astoria fault zone, where past workers 
have observed faulted gravels (Dave Rodgers and Spencer Wood, personal 
communication, January 12, 2016). Thus, it is possible that the USU-2080 sediment is 
down-dropped or deformed in the hanging wall of the fault. We do not use the 69.0 ka 
age (USU-2080) in incision rate calculations, although it still represents a time of 
aggradation in this deposit. The bedrock strath of the Qag3 fill on the river-right bank at 
Astoria is higher in height than the bedrock strath preserved on the left bank (Figure 3). 
We propose that the river-right strath is a false-strath in buried paleo-valley topography. 
We interpret the two terraces together as the remnants of a continuous approximately 100 
m thick Qag3 fill that once filled the entire valley across the present-day Snake River. 
Aggradation must have begun some thousands of years before the deposition of the 
sediments dated by OSL to be 97.2 ka, which lies 14 m above the strath at the left bank at 
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Astoria. We interpret the period of aggradation for this deposit to be from 
approximately 110-65 ka. The 77.6 ka age from the upper fill preserved on the right bank 
at Astoria is consistent with the OSL age of 71.4 ka obtained 3.5 m below the top of the 
Qag3 fill in Alpine. We do not observe the base of the Qag3 fill in Alpine, which is at 
least 29 m thick.  
Three OSL samples were collected from the Qag2 deposit. Near Alpine, an OSL 
sample collected from 2.3 m above the bedrock strath of a 12 m thick Qag2 deposit has a 
central age of 22.8 ka indicating that deposition initiated near this time. An OSL age of 
11.6 ka was obtained near the top of an 8 m thick Qag2 fill just downstream of the 
Hoback River at river km 3.5. An additional OSL age of 12.5 ka was obtained from near 
the top of a 9 m thick Qag2 fill in the upstream part of the lower bedrock reach at river 
km 19.5. The 11.6 and 12.5 ka ages from near the top of the Qag2 fill suggest that 
aggradation ended at this time or shortly after. It is possible that the Qag2 is not fully 
preserved at our sample locations and our upper ages represent Qag2y deposits on top of 
Qag2 deposits as the river incised. The true thickness of the Qag2 is preserved on the right 
bank at river km 33-34 where the Qag2 gravel is 16 m thick and capped with 5 m of sand 
and approximately 1 m of loess. We suggest that Qag2 was deposited between 
approximately 25-15 ka, and Qag2y was deposited approximately 14-11 ka.  
Only one sample was collected from the Qag1 deposit, because very few sand 
lenses appropriate for OSL dating were available. A sample collected <30 cm above the 
T1 bedrock strath downstream of Cabin Creek at river km 12 has a central age of 13.8 ka. 
Because of its stratigraphic position directly above the strath and below 6 m of mainstem 
alluvium, we suggest that the Qag1 was deposited approximately 14-11 ka. The OSL ages 
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from the Qag1 are similar to those from the Qag2y. Although the periods of deposition 
between Qag1 and Qag2y overlap, these deposits have variable preservation and different 
stratigraphic positions in the bedrock and alluvial reaches, so we refer to these as separate 
deposits (Appendix/Plate A).   
From our OSL chronostratigraphy, it is possible to calculate approximate bedrock 
incision rates for the Snake River during the past approximately 100 kyr. To estimate 
background bedrock incision rates through the climate-driven oscillations of terrace 
formation, we use the trends illustrated in the plots of Figure 5. Modern streambed 
elevation is not included in minimum rates (Gallen et al., 2015), but is included in 
maximum rates to include all terrace deposits. Incision rates are calculated for the alluvial 
reach and for both bedrock reaches together, yet we assume that aggradation and incision 
have the same timing for all reaches. The approximate late Pleistocene incision rate for 
the Snake River along the study area is 265 m/Myr (147-388 m/Myr) (Figure 5).  
Bedrock strength 
Tectonic signatures are superimposed upon lithologic controls. An important 
question is whether narrower or steeper reaches correspond to more resistant lithologies, 
or whether narrow, steep zones reflect an episode of baselevel fall related to tectonic 
activity. Results from field-compressive strength measurements show little variation in 
the compressive strength of different bedrock types in the study area (Table B1). Only 
relatively resistant units were tested because rocks throughout the canyon are heavily 
fractured, which limits the effectiveness of the Schmidt hammer as a tool for measuring 
rock strength. Fractures close to the hammer attenuate the signal and provide only 
minimum values (Goudie, 2006). Selby rock mass strength (RMS) values were calculated 
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from Schmidt hammer values, average fracture spacing, and weathering (Table B1). 
The Selby RMS values are 86 for all rock groups except for rock group 3, which has a 
Selby RMS of 90. This classifies all rock groups as “strong” by the Selby RMS rating 
(Selby, 1993). Because only a few outcrops had appropriate surface for measurements 
and the Selby RMS result is the same for all rock groups, further bedrock-strength 
metrics are required.   
A helpful exercise to understand bedrock variation is to tally the percentages of 
shale, sandstone/siltstone, and limestone in each bedrock group within the Snake River 
Range. Fracture spacing of sedimentary bedrock is largely related to bedding thickness 
and shale units are fractured beyond measure and are very weak, whereas previous 
studies show that limestones are among the strongest rocks (Sklar and Dietrich, 2001; 
Bursztyn et al., 2015). Older Paleozoic groups 1 and 2 are composed of > 57% limestone 
with lesser amounts of shale and sandstone/siltstone (Table B1). The Gros Ventre 
formation in group 1 has approximately 80% shale in the upper unit; however, the lower 
unit exposed along 0.5 km of the Snake River is predominantly cliff-forming limestone. 
The Bighorn and Gallatin formations are entirely composed of limestone and dolostone, 
so the channel is in contact with carbonate rocks where the Snake River cuts through 
group 1. In contrast, younger Mesozoic groups 3, 4, and 5, have < 22% limestone and 
44%, 71%, and 29% shale, respectively (Figure 6 and Table B3). Because Paleozoic 
groups 1 and 2 have a greater proportion of carbonate rocks, we expect that they are 
significantly more resistant than Mesozoic groups 3, 4, and 5.  
Mainstem topographic metrics 
The longitudinal profile of the Snake River has a slightly convex shape in the 
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upper bedrock and alluvial reaches, steepening as it cuts across the Snake River Range 
towards a knickzone upstream from the mouth of the canyon (Figure 6). There is a 
gradual increase in reach-mean gradient through the study area: from 0.002 in the upper 
bedrock and alluvial reaches, to 0.003 in the lower bedrock reach (Table C1). The 
variable, but overall increasing gradient in the lower bedrock canyon is due specifically 
to the step-pool clustering of rapids in this section. In this downstream part of the lower 
bedrock canyon, the river narrows to as little as 8 m where it cuts through resistant 
Paleozoic carbonates from bedrock groups 1 and 2 (Figure 6). Overall, the channel width 
varies and is narrower in the upper and lower bedrock canyons where reach-mean width 
is 77 and 67 m. In comparison, the alluvial reach-mean width is 133 m (Table C1). Unit 
stream power reflects the variation in width and gradient throughout the Snake River and 
is highest in the upper and lower bedrock reaches, with a mean unit stream power of 160 
and 300 W/m2, respectively. The highest sub-reach unit stream power occurs in the lower 
narrows of the lower bedrock reach with a peak value of 1060 W/m2. In the alluvial 
reach, the mean unit stream power is 115 W/m2.  
We compare gradient, width, and unit stream power within bedrock groups along 
the mainstem Snake River to assess whether differences in channel metrics correspond to 
changes in lithology. Only 500-m sub-reaches within the upper and lower bedrock 
canyon are included within this analysis, because the river cannot widen, lower, or shift 
its bed without coming into contact with the underlying bedrock there. Because rock 
group 3 is only present underlying the alluvial reach, it is not included in this analysis.  
There is a wide scatter in river gradient as averaged for bedrock groups, but 
gradient is generally lower in Mesozoic clastic rocks and higher in Paleozoic carbonates 
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(Figure 7). The highest sub-reach gradient values of 0.006 and 0.005 occur in group 1 
rocks where the river flows through the knickzone at the mouth of the canyon. The mean 
gradient in group 1 rocks is 0.004 (Table C1). River gradient in rock group 2 is relatively 
high and varies between 0.002 and 0.005, with a sub-reach mean of 0.003. The lowest 
gradient occurs in bedrock group 4, which only has two 500-m sub-reaches within a 
bedrock canyon, with a sub-reach mean of 0.002. River gradient in rock group 5 varies 
between 0.001 and 0.004, and has a mean of 0.002 (Table C1). The sub-reach mean 
gradient in rock group 5 is similar to that of other rock groups and is not anomalously 
high. Because the majority of landslides in the study area are initiated within group 5 
rocks, it is possible that the reach gradient through these lithologies could be steeper due 
to the existence of landslide debris. However, the gradient values are similar to sub-
reaches in other rock types, and landslides do not appear to have an effect on the gradient 
of the 500-m reaches.  
Channel width values binned by rock groups in the bedrock reaches show a wide 
scatter. These width values corroborate the field observation mentioned above that 
bedrock reaches have either narrow and deep channels or wide and shallow channels. The 
narrowest width occurs within bedrock group 1 with a mean sub-reach width of 49 m. 
Bedrock group 4 also has a narrow mean width of 64 m. The sub-reach mean width of 
bedrock groups 2 and 5 is very similar with mean values of 70 and 72 m, respectively 
(Table C1). Although bedrock groups 2 and 5 have similar sub-reach mean widths, these 
groups have significantly different percentages of carbonate rocks (70% and 10%, 
respectively). Overall, there are two findings related to channel width. First, the 
narrowest widths occur in the most resistant rock group 1. Second, there can be similar 
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widths within rock types that have different resistance as demonstrated in the 
comparison of widths in groups 2 and 5.   
Unit stream power patterns in sub-reaches are similar to those from gradient and 
width. Group 1 rocks have the highest sub-reach mean unit stream power of 568 W/m2. 
Group 4 rocks have the lowest sub-reach mean unit stream power of 177 W/m2. The 
mean sub-reach unit stream power is similar in rock groups 2 and 5, at 266 and 232 W/m2 
respectively (Table C1). Similarity in mean unit stream power values between rock 
groups 2 and 5 is unexpected, as higher unit stream power is generally associated with 
more resistant rock types.  
Tributary steepness patterns 
Tributaries along Alpine Canyon are tied to a local baselevel along the Snake 
River. As a result, the steepness and patterns of knickzones within tributaries may reflect 
tectonic signals transferred up-drainage; however, underlying bedrock also affects these 
tributary longitudinal profiles. A suite of knickpoints at similar relative heights along 
several tributaries might indicate a pulse of baselevel fall propagating through the 
watershed. On the other hand, knickpoints that occur in places where there are transitions 
in the bedrock or within landslides may not be interpreted as being caused by baselevel 
fall of the Snake River. In addition to distinct knickpoints, it is also possible that the 
overall steepness of tributaries is related to the underlying bedrock. If bedrock resistance 
has a first-order control on the steepness of tributaries, we may observe a trend in the 
overall steepness of tributaries in relation to the underlying bedrock type.  
The longitudinal profiles of Fall, Martin, Bailey, and Indian creeks have 
knickpoints in their profiles, yet Cottonwood, Red, Wolf, Roos, Pine, Cabin, and Dog 
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creeks do not (Figure 8). The profile of Cottonwood Creek in Figure 8A is 
representative of those tributaries that drain into Alpine Canyon and do not have 
knickpoints in their profiles. The knickpoints in Fall, Martin, Bailey, and Indian creeks 
occur at different relative heights along the profile and are related to the underlying 
substrate.  
Fall Creek flows down the eastern flank of the Snake River Range and enters the 
Snake River near Hoback at river km 0.5 (Figure 8E). The knickpoint in Fall Creek 
occurs where the creek cuts through a major debris fan, and then continues in a steep 
knickzone for approximately 2 km to the Snake River. The ksn of Fall Creek above the 
knickpoint is 50.9, and it steepens to 143.1 below. Just 150 m upstream from the 
confluence with the Snake, Fall Creek flows over its namesake waterfall, which is 3 m 
tall, and it cuts the T2 strath just before the confluence. It is important to note that the 
steep reach in the knickzone of Fall Creek overlies the Aspen and Bear River formations 
or the Gannet Group, where the majority of landslides are initiated within the canyon. As 
a result, it is possible that active landsliding throughout this reach in addition to the debris 
fan associated with the knickpoint above has generated this steep reach. Another 
possibility is that the waterfall at the mouth of Fall Creek is a knickpoint generated from 
activity along the Astoria fault zone. Activity along the Astoria fault may have generated 
a pulse of baselevel fall that propagated upstream, formed the waterfall at the mouth of 
Fall Creek, and led to increased landsliding in the bottom 2 km of the catchment.  
Martin Creek drains into the alluvial reach of the Snake River from the east at 
river km 10 (Figure 8B). In Martin Creek, the knickpoint occurs at the Darby thrust fault 
where the lower Triassic Dinwoody Formation of interbedded calcareous sandstone and 
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limestone occurs upstream and is thrust over the downstream lower Cretaceous Aspen 
Formation of interbedded sandstone, siltstone, and mudstone. The ksn is 44.7 above the 
knickpoint, and 81.5 below. It is possible that the less resistant Aspen Formation is easily 
erodible, and the creek was able to incise more deeply, and then was pinned in the more 
resistant Dinwoody Formation, which created a knickpoint there.  
Another notable knickpoint occurs along Bailey Creek, which flows from south to 
north along bedrock strike and enters Alpine Canyon at river km 17 (Figure 8C). In 
Bailey Creek, the knickpoint is located on the downstream edge of a large landslide that 
dammed the creek and created a small lake just upstream from the landslide. The upper 
reach above the knickpoint is also less steep with a ksn of 53.0 above the knickpoint and 
81.5 below. Lastly, Indian Creek drains west of the Snake River Range into Palisades 
Reservoir beyond our study reach (Figure 8D). The knickpoint in Indian Creek also 
occurs on the downstream edge of landslide and debris flow deposits. For Indian Creek, 
the ksn upstream from the knickpoint is 84.3 and is 87.1 downstream. Consequently, in 
each of these four cases, knickpoints in tributaries correspond to changes in substrate, and 
are not interpreted as tectonically driven baselevel changes along the mainstem, with the 
possible exception of the waterfall at the mouth of Fall Creek.  
In addition to knickpoints, we compare channel steepness values for all tributaries 
in map-view to the underlying bedrock type to explore whether tributary steepness is 
related to lithology. Overall, higher ksn values are found in tributaries overlying older 
more resistant Paleozoic carbonates, and lower ksn values are found in regions overlying 
younger less resistant Mesozoic sedimentary rocks (Figure 9A). Additionally, there is a 
group of channels with higher ksn to the east of the Snake River between river km 10-16, 
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which corresponds to upper Paleozoic carbonate rocks. Box-and-whisker plots of 
channel steepness over 500-m reaches show a higher median ksn of 97.3 associated with 
the older group 2 carbonate rocks and a lower median ksn of 69.8, 61.9, and 49.6 
associated with bedrock groups 3, 4, and 5 (Figure 10). Group 1, which is the oldest rock 
group has a generally low median ksn of 66.3, yet only four 500-m sub-reaches flow 
across this bedrock type. We expect a significant difference in substrate resistance and 
steepness between Paleozoic carbonates and Mesozoic sedimentary rocks. A student’s t-
test between means from groups 2 and 3 indicates a statistically significant difference 
between the distributions of ksn associated those groups to the 0.01 level of significance. 
This confirms that the steepness of tributaries is strongly influenced by underlying 
lithology and that steeper tributaries occur in more resistant bedrock.     
Similarly, !-steepness analyses were done by considering ! long-profiles and ! 
values of drainages in map-view. The ! profiles for tributaries draining into the Snake 
River show the same knickpoints as those identified in the steepness analysis in Fall, 
Martin, and Bailey creeks (Figure 11). Tributaries draining into the lower bedrock canyon 
of the Snake River from the Snake River Range including Cottonwood, Red, Wolf, Roos, 
and Pine have similar ! profiles to each other, but are distinctly steeper than those that 
drain the eastern slopes of the Snake River Range. The ! profiles therefore are consistent 
with, but do not provide additional information beyond, the ksn analysis.  
The map-view, 500-m reach ! shows that tributaries on the western flank of the 
Snake River Range and those draining from the east between river km 10-16 have lower 
relative elevations than along the eastern flank of the range (Figure 9B). The map-view 
patterns of ! also show that steeper and more deeply incised tributaries are generally in 
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more resistant bedrock types across the study area (Figure 9B). Overall, we observe a 
difference in ! values across drainage divides, which indicates that drainages on either 
side of the Snake River Range are not in equilibrium with each other.  
DISCUSSION 
Incision patterns and rates 
Terrace chronostratigraphy along the Snake River indicates two episodes of 
aggradation: between approximately 110-65 ka and 25-11 ka. We compare these episodes 
of aggradation to climatic and other fluvial-terrace records in the region to explore 
whether terrace formation is linked to glacial cycles. The Qag3 deposit suggests an 
episode of aggradation between approximately 110-65 ka, spanning MIS 5c, 5b, 5a, and 
into 4, which varies between warm and cooler periods (Martinson et al., 1987). 
Generally, variations in δ18O from speleothem calcite in caves across North America 
suggest that the climate went through a major cold period between 95-65 across the 
continent (Harmon et al., 1978). Paleosol-loess records are a valuable indication of 
glacial-interglacial conditions, and a paleosol-loess sequence on top of a Bull Lake 
outwash terrace just 7 km upstream from the confluence of the Snake and Hoback rivers 
is a local indicator of climate in the study area (Pierce et al., 2011). Possible sources for 
loess in this record are from glaciogenic silt that are interpreted to be from nearby 
glaciations in Jackson Hole and the Yellowstone Plateau, or blown over from the eastern 
SRP (Pierce et al., 2011). Loess deposits from the nearby paleosol-loess sequence 
suggests the possibility of minor ice advance in MIS 5b, which has not been mapped in 
the nearby landscape. A more significant loess deposit in this sequence dates 
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approximately 76-69 ka, which correlates with MIS 4, and may originate from glacial 
outwash from the main Yellowstone Plateau ice sheet (Pierce et al., 2011). Soils were 
developing in this region during MIS 5c and 5a, which suggests that climate was warmer 
during that time (Pierce et al., 2011). The upstream Qag3 deposit is much thicker near 
Astoria (approximately 100 m) than downstream near Alpine (>29 m). We interpret that 
the difference in thickness is due to the proximity of the upstream deposit to glaciofluvial 
sediments from Jackson Hole, the Yellowstone Plateau, or potentially the headwaters of 
the Hoback. Overall, the period of 100-65 ka was likely variable between cooler periods 
with corresponding ice advances in Yellowstone and the Teton Range interspersed with 
warmer periods. The ice advances likely led to increased sediment supply in the Snake 
River and aggradation of the Qag3 gravels. Pierce and Morgan (2009) hypothesized that 
only low and young (<25,000 ka) river terraces related to the last glacial maximum are 
present on the tailing margin of the hotspot track. The existence of the dated Qag3 fill 
contradicts this hypothesis and demonstrates that older episodes of aggradation are 
present on the tailing margin.  
The OSL ages from Qag2 and Qag1 gravels represent an episode of aggradation 
between approximately 25-11 ka. Variations in δ18O in speleothem calcite show a cold 
period from 55-20 ka, and the Pinedale glacial maximum was 19-15 ka in this region 
(Licciardi and Pierce, 2008). There is a 2.5-m thick loess in the upstream paleosol-loess 
record that spans approximately 25-12 ka, and correlates with ice advances in 
Yellowstone, and the Teton and Wind River Ranges (Pierce et al., 2011). Thus, the two 
episodes of aggradation between 110-65 ka and 25-11 ka agree with Hancock and 
Anderson’s (2002) model that terrace formation is linked to orbital-glacial cycles. 
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Paleosol-loess records from the region indicate a thick section of loess that dates to 
approximately 51-43 ka and correlates with the earlier part of MIS 3, which is a cooler 
period in the region (Pierce et al., 2011). Pierce et al. (2011) hypothesized that the loess is 
similar to those occurring during other glacial periods and there was likely an earlier 
glacial advance during MIS 3 that has been erased by the most recent Pinedale advance. 
We did not observe any evidence of this glacial advance in the fluvial record in the study 
area.   
The OSL chronostratigraphy revealed that the OSL samples collected from the 
top of the Qag2 fill actually represent a younger Qag2y inset fill that aggraded between 
14-11 ka. The Qag2y is synchronous with the aggradation of Qag1 in the alluvial reach.  
The Qag2y and Qag1 deposits have variable preservation between bedrock and alluvial 
reaches and have significantly different heights above the modern profile. We suggest 
that the differences in height above the modern profile for these two similar aged deposits 
represents a long-term convexity in the long-profile. The long-term convexity may be due 
to greater sediment deposition or storage within the alluvial reach. The OSL sample with 
an age of 69 ka (USU-2080) was collected approximately 5 m from the Astoria fault zone 
and is stratigraphically reversed with the sample USU-2303 (Table 1). This stratigraphic 
inconsistency and the presence of faulted gravels leads to the interpretation that the 
Astoria fault has been active as recently as approximately 69 ka. The alluvial reach may 
be down-warped due to movement along the Astoria fault zone. Down-warping of the 
alluvial reach could increase the accommodation space and lead to greater deposition of 
sediment along that reach. Because of increased sediment, the Snake River was unable to 
access bedrock and bevel a strath 25 ka when the bedrock reaches began to aggrade. The 
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alluvial reach was able to bevel its T1 strath by 14 ka and aggraded until 11 ka when 
both bedrock and alluvial reaches incised simultaneously. Activity along the Astoria fault 
leading to down-warping of the alluvial reach seems plausible, yet more detailed 
constraints are required to separate the activity of the Astoria fault zone from sediment 
storage in the alluvial reach.  
Incision rates for the Snake River in Alpine Canyon record Quaternary response 
to the Yellowstone hotspot on the tailing margin of the hotspot track. Incision rate 
estimates are similar for both reaches and are approximately 265 m/Myr (147-388 
m/Myr). These rates are moderate for the western U.S. and comparable to longer-term 
incision rates on the leading edge of the Yellowstone hotspot (Reheis, 1985; Dethier, 
2001; Sharp et al., 2003; Pierce and Morgan, 2009).  
Bedrock strength compared to mainstem and tributary metrics 
It is important to consider the differences in the underlying bedrock strength to 
fully interpret whether morphometric adjustments or knickzones in channels are due to 
variations in the underlying bedrock or to base-level changes. Selby RMS values for 
bedrock groups did not vary between rock types, yet relative percentages of limestone, 
sandstone, siltstone, and shale suggest that Paleozoic carbonates in rock groups 1 and 2 
are significantly more resistant than rock groups 3, 4, and 5. Along the mainstem Snake 
River, there is a knickzone at the mouth of the canyon, which may be related to lithology 
or baselevel fall. We compared gradient, width, and unit stream power within different 
rock groups along the mainstem Snake River to explore whether morphometric 
adjustments of the mainstem Snake River are related to rock strength (Figure 7). Gradient 
is relatively higher in rock groups 1 and 2, yet has a large variation and is similar in rock 
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group 5. Width is narrowest in rock group 1 and does not show a trend among other 
rock groups. Unit stream power is also highest in group 1, and significantly lower for 
other rock groups. The narrowest and steepest reaches with the highest unit stream power 
occur throughout the knickzone in the resistant rock groups 1 and 2 (Figure 7). The 
location of the broad knickzone within the most resistant rock types leads to the 
interpretation that the knickzone is pinned there.  
Steepness analysis of tributary profiles in relation to rock type is also valuable for 
separating knickpoints or channel adjustments in smaller drainages from underlying 
lithology. For a distinct pulse of baselevel fall, we would expect a knickpoint to 
propagate up tributaries and presently be located at similar relative elevations across the 
Snake River Range. Steepness analyses from ksn and ! show that there are knickpoints in 
four tributaries draining the Snake River Range. However, analysis of these knickpoints 
in relation to the substrate shows that they are either located on top of a fault that creates 
a sharp transition between weaker and more resistant rock types, or that they occur just 
downstream of landslides and debris flows. A possible exception is the knickpoint at the 
mouth of Fall Creek, which is a 3 m waterfall flowing over the T2 strath. We interpret 
this knickpoint to be potentially related to activity along the Astoria fault zone. The lower 
2 km of Fall Creek is steepened and there are several landslides there, which may be 
caused by the knickpoint propagating upstream and generating landslide activity. 
Conversely, the over-steepened 2 km reach may be due to the weaker underlying bedrock 
in that section. Accordingly, the ! profiles do not show any knickpoints at the same 
relative elevation in the landscape that would indicate a discrete transient tectonic signal 
propagating through all tributaries. 
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It is possible that tributaries are adjusting to variations in underlying rock 
strength, which would lead to steeper channels in more resistant bedrock. The map view 
patterns for ksn are valuable for visualizing the influence of rock strength in channels for 
tributaries in the Snake River Range. The significant difference in the ksn of 500-m 
reaches of channels overlying rock groups 2 and 3 supports that bedrock resistance has a 
first-order control on tributary steepness. Stream channels are generally steeper in more 
resistant Paleozoic carbonates and less steep in Mesozoic sedimentary rocks. 
Willet et al. (2014) interpret differences in the map-view of ! across drainage 
divides as evidence for disequilibrium across a landscape. The lower ! values in channels 
draining west of the Snake River Range implies that drainage divides are adjusting 
toward the higher ! in channels draining to the east. Thus, the map-view of ! shows that 
tributaries on either side of the range are in disequilibrium, and lower ! values on the 
western range-front suggest baselevel fall from the Grand Valley fault or the eastern SRP.  
Sources of baselevel fall and regional implications 
The knickzone at the mouth of Alpine Canyon necessitates a source of baselevel 
fall, which could be from recent activity from the Grand Valley normal fault, broad 
subsidence of the eastern SRP, uplift in the headwaters of the Snake, or a combination of 
these sources. If the Grand Valley fault was active, we might expect one or more suites of 
knickpoints at similar relative elevations across the mainstem Snake River and tributary 
streams that would not be associated with the underlying bedrock, and faulted gravels or 
the trace of the fault across the T2 terrace at the mouth of the canyon. However, 
knickpoints in tributaries are related to the underlying substrate, and there is no suite of 
knickpoints that could be attributed to one distinct pulse of baselevel fall. Furthermore, 
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the knickzone at the mouth of the canyon is broad and is pinned in resistant Paleozoic 
carbonate rocks. Although it is possible that the signal of baselevel fall is too small in the 
tributaries to pull out of this active and noisy environment, the lack of evidence of faulted 
gravels or a fault trace, which was also observed by Piety et al. (1992) makes the Grand 
Valley fault an unlikely source of baselevel fall. On the other hand, a broad knickzone 
pinned in resistant rocks supports baselevel fall from the eastern SRP. Further evidence 
for subsidence from the eastern SRP is the deeply incised basin fill below the mouth of 
the canyon, which extends downstream past the Grand Valley fault. Finally, we do not 
observe tilting in the terraces along the canyon, and they do not converge with the profile 
upstream as they do in the Bighorn Basin and Wind River (Pierce and Morgan, 2009), 
which indicates that uplift from Yellowstone is an unlikely source of baselevel fall. 
Additionally, map-view ! predicts that drainages are in disequilibrium and adjusting 
toward the east, which is a pattern supported by baselevel fall in the eastern SRP and not 
from uplift near Yellowstone. Additional studies are required upstream and downstream 
of the study corridor to further constrain the timing and magnitude of baselevel fall in the 
eastern SRP.   
SUMMARY 
Fluvial terrace deposits and long-profile and topographic patterns of the mainstem 
Snake River record the incision history along the tailing margin of the Yellowstone 
hotspot. Fluvial-terrace chronology from OSL ages of terrace deposits indicates two 
episodes of aggradation between 110-65 ka and 25-11 ka, which are timed with glacial 
epochs and agree with Hancock and Anderson’s (2002) hypothesis that fluvial-terrace 
formation is linked to orbital glacial cycles. Incision rate estimates of approximately 265 
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m/Myr in Alpine Canyon are moderate in relation to incision rates of the western U.S. 
and comparable to those on the leading edge of the Yellowstone hotspot. Morphometric 
adjustments and steepness analyses in the context of significant differences in bedrock 
strength show that bedrock resistance has a greater influence on smaller 2nd to 4th order 
drainages than the mainstem Snake River, indicating that varying bedrock resistance 
should be considered in steepness analyses. The broad knickzone that is pinned in 
resistant carbonate rocks at the mouth of the canyon, deeply incised basin fill extending 
below the canyon, and ! patterns suggesting the eastward movement of the Snake River 
Range drainage divide all support that baselevel fall is generated in the eastern SRP, and 
not as a result from uplift in the Yellowstone region or activity along the Grand Valley 
fault. Additional studies are required to further constrain the timing and magnitude of 
baselevel fall in the eastern SRP.   
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TABLES AND FIGURES 
"
Figure 2.1. Location map for the upper Snake River. Note regions of subsidence in the 
Snake River Plain and of domal Yellowstone uplift. White encircled areas are volcanic 
fields on the Snake River Plain, and ages are in Ma; 6.5-4.3 Ma is the Heise volcanic 
field and 1.2-0.6 Ma is the Yellowstone Plateau volcanic field (Modified from Smith and 
Braile, 1994, and Link et al., 2005). The axis of Yellowstone crescent of high terrain (red 
dashed line) is a bow-shaped highland located at the leading edge of the track of 
Yellowstone volcanism (Modified from Pierce and Morgan, 2009). A thick blue line 
highlights major tributaries to the Snake River near the study area. Black box outlines 
study area of Alpine Canyon.  
 
 48 
 
Figure 2.2. Study area of A
lpine 
C
anyon of the Snake R
iver w
ith 
underlying geologic units and 
faults. G
eology is from
 
1:500,000 W
yom
ing state m
ap 
by the W
yom
ing G
eological 
Survey (U
SG
S, 2005). B
lack 
dots along the river denote river 
km
 w
here the confluence w
ith 
the H
oback R
iver is river km
 0. 
N
ote dark blue upper bedrock 
reach (km
 0-5.5), light blue w
ide 
central alluvial reach (km
 5.5-
17), and dark blue low
er 
bedrock reach (km
 17-39). 
W
hite areas are Q
uaternary 
deposits previously m
apped by 
the W
yom
ing G
eological Survey 
at a 1:500,000 scale. N
ote 
A
storia fault zone at km
 5.5 and 
G
rand V
alley fault at the m
outh 
of the canyon. Faults are dotted 
w
here concealed, dashed w
here 
approxim
ate, and a line w
here 
w
ell-constrained.   
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Figure 2.3. C
om
posite reach cross sections and representative photographs w
ith O
SL ages for the upper bedrock canyon, 
m
iddle alluvial reach, and low
er bedrock canyon. (a) Fluvial terraces just dow
nstream
 of H
oback, W
yom
ing. Photo overlooks 
T2 terrace w
here O
SL sam
ple w
as taken. N
ote prom
inent bedrock strath of T2 terrace. R
iver left bank has a low
er T2y terrace 
w
here surface is beveled to a low
er level than T2. (b) Terraces present in the w
ide alluvial reach near A
storia. Photo is 
overlooking T1 and T3 from
 the top of the T4 gravel. N
ote the great thickness of T3 and T4 gravels in relation to T1 and T2. 
(c) C
ross section of T2 and T3 gravels at the m
outh of the canyon near A
lpine. Photo looking upstream
 into canyon and T2 
gravels overlying bedrock strath during low
 flow
s on the Snake R
iver. N
ote the narrow
ness of the canyon and note the gravels 
in the riverbed deposited in the backw
ater of Palisades R
eservoir. D
eposits are as follow
s: Q
ag (alluvial gravel), Q
agp 
(piedm
ont/tributary deposits), Q
al (alluvium
).  
!  
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Figure 2.4. Longitudinal profile of the Snake R
iver through the study reach. Stream
 pow
er is black dashed line calculated 
along 500-m
 segm
ents. M
ean unit stream
 pow
er sm
oothed w
ith 5 km
 m
oving w
indow
 is the grey line. R
ed dashed lines 
indicate interpolated bedrock strath elevation above the m
odern w
ater surface for the T2 bedrock strath. B
lue w
ater-surface 
profile recorded w
ith a G
PS from
 a raft. Subsurface geologic units are represented by the grey bar labeled by group unit w
here 
G
roup 1 (low
er Paleozoic carbonates), G
roup 2 (m
iddle-upper Paleozoic carbonates), G
roup 3 (low
er M
esozoic sedim
entary 
rocks), G
roup 4 (m
iddle M
esozoic sedim
entary rocks), and G
roup 5 (upper M
esozoic sedim
entary rocks). C
olor denotes 
com
position of rock groups in term
s of percentage lim
estone, darker is higher and lighter is low
er. C
anyon relief w
ithin a 1 km
 
radius from
 the Snake R
iver is show
n by the brow
n line. N
ote the knickzone at the m
outh of the canyon w
here the river 
steepens and flow
s through bedrock groups 1 and 2.  
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 TABLE!2.1.!ALPINE!CANYON!TERRACE!OSL!GEOCHRONOLOGY!
D
eposit * 
Location 
S
am
ple # 
Lat/Long
† 
  
D
epth 
(m
) 
# A
liquots 
(total)  § 
D
ose rate 
(G
yky
-1) 
E
quivalent dose 
(G
y) # 
O
D
(%
) ** 
O
S
L age ± 2σ 
(ka) 
P
1 
A
bove C
abin C
reek 
U
S
U
-2106 
43°14'59" N
, 110°46'39" W
 
2 
15 (17) 
3.65 ± 0.20 
5.35 ± 1.55 
44.0 ± 12.0  
1.46 ± 0.45 
T1 
B
elow
 C
abin C
reek 
U
S
U
-2302 
43°14'50" N
, 110°46'36" W
 
10 
18 (22) 
2.11 ± 0.12  
29.08 ± 3.16 
17.6 ± 4.7 
13.79 ± 2.04 
T2 
B
oy S
cout C
am
p 
U
S
U
-2079 
43°18'36" N
, 110°44'40" W
 
3.5 
20 (42) 
2.40 ± 0.13 
27.83 ± 1.79 
6.3 ± 4.5 
11.60 ± 1.37 
T2 
W
est Table C
am
p 
U
S
U
-2020 
43°12'34" N
, 110°48'32" W
 
1.3 
22 (34) 
2.26 ± 0.12 
28.24 ± 3.64 
24.3 ± 5.4 
12.49 ± 2.03 
T2 
N
ear A
lpine 
U
S
U
-1999 
43°10'32" N
, 110°59'53" W
 
20 
19 (42) 
2.12 ± 0.13 
48.35 ± 3.96 
5.8 ± 7.2 
22.78 ± 2.96 
T3 
A
storia (low
er) 
U
S
U
-2080 
43°18'11" N
, 110°46'46" W
 
40 
22 (33) 
2.22 ± 0.12 
152.8 ± 21.31 
28.2 ± 5.6 
68.97 ± 11.89 
T3 
A
storia (upper) 
U
S
U
-2303 
43°18'12" N
, 110°46'45" W
 
25 
15 (35) 
1.81 ± 0.10 
146.51 ± 35.83 
35.1 ± 8.3 
77.56 ± 18.14 
T3 
S
porting C
lub G
ravel P
it 
U
S
U
-1996 
43°16'32" N
, 110°46'48" W
 
4.7 
22 (41) 
2.64 ± 0.15 
245.55 ± 39.22 
33.4 ± 6.2 
92.86 ± 17.53 
T3 
S
porting C
lub R
oadcut 
U
S
U
-1998 
43°17'30" N
, 110°47'17" W
 
>20 
19 (35) 
1.54 ± 0.08 
149.94 ± 24.18 
29.7 ± 6.5 
97.21 ± 18.48 
T3 
N
ear A
lpine 
U
S
U
-2019 
43°10'52" N
, 111°01'12" W
 
15 
20 (28) 
2.84 ± 0.16 
202.82 ± 28.93 
28.9 ± 5.5 
71.37 ± 12.49 
 * O
rganized by stratigraphic and long-profile position. 
 † N
A
D
83. 
 § A
ge analysis using the single-aliquot regenerative-dose procedure of M
urray and W
intle (2000) on a 1-m
m
 sm
all-aliquots of quartz sand. N
um
ber of aliquots used in age 
    calculation and num
ber of aliquots analyzed in parentheses.  
# E
quivalent dose (D
E ) calculated using the C
entral A
ge M
odel (C
A
M
) of G
albraith and R
oberts (2012). 
** O
verdispersion (O
D
) represents variance in D
E  data beyond m
easurem
ent uncertainties, O
D
 > 20%
 m
ay indicate significant scatter due to depositional or post-depositional 
   processes. 
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Figure 2.5. Incision rate estimate from terrace chronostratigraphy in: A) alluvial reach, 
and B) lower bedrock canyon and mouth. OSL ages with error bars of 2σ error 
uncertainties   are plotted in black circles if they are from samples within that reach, and 
grey circles if they are from similar deposits elsewhere in the study area. Thick black 
curve represents the height of the river above the modern profile through time. Red line 
shows estimate of incision over time. Incision rates are approximately 265 m/Myr (147-
388 m/Myr) for the study area.  
 
 
 
Figure 2.6. Normalized percentage of limestone, siltstone/sandstone, and shale for each 
bedrock group. Estimated from stratigraphic columns recorded by Wanless et al. (1955). 
Note that older rocks have higher percentages of limestone, while younger formations are 
mostly shale, sandstone, and siltstone.
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Figure 2.7. Gradient, width, and unit stream power from 500 m reaches organized by 
bedrock group. Only reaches within the upper and lower bedrock canyon are represented 
here. In cases where a 500-m reach is through two bedrock groups, the bedrock group 
with the greatest length was taken. Note large variation of width and gradient in all 
reaches and no general trend of narrower width or steeper channels within more resistant 
bedrock groups 1 and 2. !
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Figure 2.8. Longitudinal profiles and slope-area plots of tributaries draining into the 
Snake River. Subsurface geologic units are the same as Figure 2. Slope-area plots show 
non-normalized reach concavity (θ) from a regression for reaches separated by 
knickpoints (kp) and normalized steepness index (ksn) values. A reference concavity of 
0.45 was used to calculate ksn. Note how Indian Creek on the western flank of the Snake 
River Range is much steeper than Fall Creek on the eastern flank.  
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Figure 2.9. A
) V
alues of norm
alized steepness index (k
sn ), and B
) χ for tributaries draining into the Snake R
iver. Selected 
catchm
ents are highlighted by w
hite and are (a) Indian C
reek, (b) C
ottonw
ood C
reek, (c) R
ed C
reek, (d) W
olf C
reek, (e) R
oos 
C
reek, (f) Pine C
reek, (g) B
ailey C
reek, (h) C
abin C
reek, (i) M
artin C
reek, (j) D
og C
reek, and (k) Fall C
reek. K
nickpoints (kp) 
from
 selected creeks are show
n by w
hite dots. The k
sn values are from
 regressions along 500 m
 segm
ents of tributaries w
ith a 
reference concavity of 0.45.  The χ values w
ere calculated along 500 m
 segm
ents using an A
0  = 1 km
2, and a best-fit m
/n = 
0.30. N
ote higher k
sn  values and low
er χ values from
 tributaries draining the w
estern slopes of the Snake R
iver R
ange, and 
low
er k
sn  values and higher χ on the eastern slopes. 
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Figure 2.10. Distribution of ksn from Fig. 9A calculated along 500 m segments by 
bedrock group. For ksn box plots, central line is median, boxes mark central quartiles and 
whiskers are 1 σ variance. The ksn values for group 2 are statistically different than group 
3 to the 0.01 level of significance.  
 
!
Figure 2.11. Chi plots for tributary channels arranged from west to east along the Snake 
River in study area. Uses A0 = 1 km2, and the best-fitting m/n ratio for trunk stream of 
tributaries of 0.30. Knickpoints (kp) are the same as ones shown in Fig. 7 examples, 
which are interpreted as having local, lithologic or landslide controls. Tributaries are (b) 
Cottonwood Creek, (c) Red Creek, (d) Wolf Creek, (e) Roos Creek, (f) Pine Creek, (g) 
Bailey Creek, (h) Martin Creek, (i) Cabin Creek, (j) Dog Creek, and (k) Fall Creek. Note 
how tributaries draining into the western region of Alpine Canyon near the mouth are 
steeper than those draining the eastern region.   
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CHAPTER 3  
THRESHOLDS BETWEEN BEDROCK AND ALLUVIAL CHANNEL FORMS, 
ALPINE CANYON OF THE SNAKE RIVER 
ABSTRACT 
The transition along rivers from bedrock-eroding upper reaches to primarily 
sediment transport downstream is marked by the shift from a bedrock to alluvial channel, 
and this transition can occur over numerous shifts between bedrock and alluvial reaches 
along a river course. The thresholds and adjustments of gradient, width, sediment 
transport capacity, and the extent of alluvial cover in such transitions are poorly 
understood. The Alpine Canyon of the Snake River, crossing the flank of high terrain 
associated with the Yellowstone hotspot, has a braided, alluvial reach set between an 
upper and lower bedrock channel, providing a natural laboratory to document these 
changes and help address their controls. The transition between braided-alluvial and 
bedrock channels in Alpine Canyon was documented by side-scan sonar, morphometric 
measurements, sediment size distributions, and transport capacity estimates. The change 
between bedrock and alluvial reaches occurs within 1 km and is coincident with the 
river’s shift from flowing across-bedrock strike to along-strike. The upper and lower 
bedrock canyons have distinctly narrow average widths of 77 and 66 m, compared to 133 
m for the alluvial reach. Gradient varies less coherently, broadly increasing from 0.001 to 
0.002 in the lower bedrock canyon. Thus, differences in unit stream power track width, 
being 160 and 300 W/m2 in upper and lower bedrock reaches and 115 W/m2 in the 
alluvial reach. The pattern of modest gradient change suggests it may be partly set by 
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sediment load even in bedrock reaches, whereas width has adjusted strongly to bedrock 
and tectonic drivers. We are able to identify thresholds in width, bed-cover, unit stream 
power, and transport capacity between channel types, and we observe that transitions 
occur over relatively short distances of approximately 1 km. Our dataset provides field 
documentation of the magnitude of these transitions and may be valuable for 
parametrizing landscape evolution models or assisting in the restoration of reaches that 
are in disequilibrium due to changes in land use or climate.    
INTRODUCTION 
In fluvial landscapes, the transition from eroding headwaters to middle reaches 
marks a change in process from erosion to sediment transport, and this transition can 
occur over numerous shifts between bedrock and alluvial reaches along a river course. 
Bedrock streams are defined to have a transport capacity (Qc) that exceeds bedload 
supply (Qs) over the long term, and the stream cannot widen, lower, or shift its bed 
without eroding bedrock (Turowski et al., 2008; Anderson and Anderson, 2010). Bedrock 
streams are most common in headwater regions or mountainous terrain, especially in 
areas that are tectonically active or that have high relief and steep slopes (Howard, 1998). 
Conversely, alluvial streams have channels formed within their own sediments that they 
transport and are capable of remobilizing (Church, 2006). Thus, the transition between 
bedrock and alluvial streams represent a fundamental shift in process from bedrock 
erosion by abrasion and plucking to sediment transport. Transitions between bedrock and 
alluvial reaches are of interest, because they are thought to mark dynamic zones that shift 
over time and are susceptible to landscape and climate changes (Montgomery et al., 
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1996). Yet, these transitions and the distance over which they occur are not well 
documented and deserve further study. 
The Snake River through Alpine Canyon is characterized by three 
morphologically distinct reaches: an upper bedrock reach, a middle alluvial reach, and a 
lower bedrock reach (Figure 1). There is a clear demarcation between each reach; 
bedrock reaches are narrow single-threaded channels with exposed bedrock along the bed 
and banks, and the alluvial reach is a wide, multi-threaded channel through alluvium. One 
of the ways rivers respond to external forcing from climate, tectonics, and changes in 
land use is to shift the extent and size of alluvial cover, and potentially changing between 
bedrock and alluvial channel types (e.g. Montgomery et al., 1996; Massong and 
Montgomery, 2000; Johnson et al., 2009; Yanites et al., 2011). Within the study area, 
compelling evidence of such variability through time is from fluvial terraces with beveled 
bedrock straths and thick fill deposits in places, which indicate that the river has switched 
between bedrock and alluvial conditions over tens of thousands of years that correspond 
to glacial cycles. Perhaps constraining present-day transitions between these channel 
types can help our understanding of such adjustments to land use or climatic changes.  
The purpose of this study is to explore and document the magnitude of changes in 
i) width, ii) steepness, iii) channel alluvial cover, and iv) transport capacity (Qc) between 
bedrock and alluvial reaches in Alpine Canyon in order to identify thresholds associated 
with these changes. We use measurements of width and gradient, mapping of alluvial 
bed-cover with a side-scan sonar, clast-counts, and transport capacity estimates to 
characterize between reaches.  
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BACKGROUND 
Past workers identified a threshold between bedrock and alluvial reaches at a 
critical slope, defined as the maximum gradient of a sediment-covered stream (Massong 
and Montgomery, 2000). The critical slope threshold is derived from Gilbert’s conceptual 
model that the transition between a bedrock and alluvial channel occurs at the point 
where Qc = Qs (Gilbert, 1877; Montgomery et al., 1996; Massong and Montgomery, 
2000). Consequently, for a basin with uniform sediment yield, it is expected that the 
transport capacity within bedrock reaches exceeds the sediment supply and that bedrock 
channels would have steeper gradients than alluvial reaches (Howard, 1998). However, 
this is inconsistent with examples of steep channels covered with boulders or low 
gradient reaches in exposed bedrock (Howard, 1998). Indeed, for the Snake River, the 
bedrock reaches are not necessarily steeper than the alluvial reach. Thus, a critical-slope 
threshold may not be the best measure, and we consider that for a given discharge, width 
may be more distinct (Finnegan et al., 2005; Yanites and Tucker, 2010). 
Another concept interwoven into the bedrock-alluvial transition is the role of 
sediment flux and bed-cover, which is related to the variation in transport capacity 
between reaches and the action of sediment clasts as tools to erode bedrock. Sediment 
flux has an important role in river incision into bedrock (Gilbert, 1877; Whipple et al., 
2000; Sklar and Dietrich, 2004; Finnegan et al., 2007; Yanites and Tucker, 2010). Gilbert 
first pointed out that sediments transported through a bedrock reach strike against the 
channel to erode the bedrock (tools effect); however, when sediment supply rates are 
high, the sediment protects the channel and prevents erosion of the underlying bedrock 
(cover effect) (Gilbert, 1877). Modeling has supported Gilbert’s hypothesis and provided 
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quantitative insight into the tools-and-cover effect (Sklar and Dietrich, 2004; Turowski et 
al., 2007), but field-based studies are needed for parameterization and validation of 
models (Yanites and Tucker, 2010; Gasparini and Brandon, 2011).  
Substrate lithology also directly affects the ability of the river to incise, or it 
indirectly affects the sediment supply through the amount and caliber of sediment 
supplied to the river. In abrasion mill experiments, Sklar and Dietrich (2001) found that 
bedrock erosion rates decrease in a power-law relationship with the square of rock tensile 
strength. It is also recognized that narrower, steeper channels tend to occur in more 
resistant bedrock (Montgomery and Gran, 2001; Whipple, 2004; Bursztyn et al., 2015). 
Both lithology and geologic structure vary across Alpine Canyon. Thus, these may have 
an effect on whether a reach is bedrock or alluvial.   
STUDY AREA 
The Snake River in Alpine Canyon cuts west across the Snake River Range on its 
path from its headwaters near Yellowstone and flows to the eastern Snake River Plain 
(SRP). Over this 37.5 km canyon reach, the Snake transitions between an upper bedrock 
canyon, a middle alluvial reach, and a lower bedrock canyon (Figure 1). Alpine Canyon 
is underlain by a thick and diverse section of Paleozoic and Mesozoic sedimentary rocks 
with varying strength. All rocks are heavily fractured through folding and thrusting 
during Sevier tectonism. Paleozoic strata are 65% limestone and only 23% shale and 
generally are more resistant than Mesozoic strata with 17% limestone and 39% shale 
(Table B2). The Snake River Range is composed of Paleozoic carbonates to the west and 
Mesozoic sedimentary rocks to the east. The upstream and downstream bedrock canyons 
62 !
cut west across the structural strike set by Sevier folding and thrusting. In contrast, the 
wider alluvial reach flows south along a strike valley of the underlying Mesozoic rocks 
(Figure 1). Landslides occur most frequently in Mesozoic rocks, which increases the 
delivery of sediment to the river, especially in the upstream section of the lower bedrock 
canyon.  
The Snake River through Alpine Canyon is fed by an annual snowmelt pulse in 
late spring and summer and lower base flows throughout the fall and winter. Flows from 
the upper Snake are regulated, whereas Pacific Creek, Buffalo Fork, Gros Ventre, and 
Hoback Rivers join the Snake upstream of the study area and are unregulated. The 
Bureau of Reclamation constructed Jackson Lake Dam in 1908, which is approximately 
92 km upstream from the study area. Jackson Lake Dam influences all recorded flows of 
the Snake River through Alpine Canyon, but only accounts for approximately 30% of 
total flow in the river through the study area. Because the study area lies between the 
confluences of the larger Hoback and Greys rivers and only small creeks enter the Snake 
River between these two major tributaries, we assume discharge is constant along the 
study reaches for our calculations. At the downstream end of the study area near Alpine, 
the Snake River flows into Palisades Reservoir formed by the Palisades Dam that was 
completed in 1957.  
METHODS 
Long-profile and hydrologic analyses 
The longitudinal profile of the Snake River was measured with a survey-grade 
Trimble GPS fixed to a raft measured during a discharge of 450 m3/s (15,900 ft3/s). At 
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this flow Palisades Reservoir backfills the mouth of the canyon so the longitudinal profile 
was adjusted there. Field observations of the height of the basal T2 bedrock strath above 
the river suggests that the reservoir fills to 5 m above the true longitudinal profile of the 
Snake River at the mouth of the canyon at river km 38. Additionally, USGS topographic 
maps from 1966 show the pre-dam river gradient below the study area. The 5 m 
difference in height at river km 38 and the pre-dam gradient were extrapolated between 
river km 36-38 to account for the backfilling of Palisades Reservoir. The longitudinal 
profile was smoothed over a moving-average window of 500 m to account for noise in 
the data from whitewater rapids, and gradients were calculated over 500-m reaches from 
the smoothed profile.  
The width of the active channel was delineated from National Agriculture 
Imagery Program orthophotos dated 2015/09/12 with 0.5 m resolution in ArcGIS. In the 
alluvial reach, the relative absence of vegetative cover and a change in sediment color 
were used to demarcate the active channel. Images were also compared to orthophotos 
from 2012/08/18 to determine which bars and islands were longer-lived features and 
those that were part of the active channel. For the bedrock reaches, the floodplain is 
absent, but width does not vary significantly with discharge. At the USGS gage within 
Alpine Canyon within the lower bedrock reach at river km 27.5, a rating relationship of 
flows from 1953-2015 indicates that width only varies approximately 12 m over a range 
of flows from 42-1060 m3/s (1,500-37,500 ft3/s). Width in the bedrock channel was 
delineated based on historic flood stages that we observed from exposed bedrock and 
gravel lining the banks of the river and were corroborated by field observations during 
high flows in late spring 2015. The reach-averaged width for 500-m reaches was 
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calculated by the area of the active channel divided by the length of the channel 
centerline.  
Unit stream power was likewise calculated for 500-m reaches of the Snake River 
through the study area. Unit stream power is:  Ω! = !"#$!       (1) 
where ! is the density of water, g is gravity, Q  is the discharge, S is the slope, and 
w is the channel top width (Howard and Kerby, 1983). To calculate the 2-yr discharge of 
the Snake River in the study area, the flows were adjusted to account for the influence of 
the Jackson Lake Dam, which is approximately 92 km upstream of the study area. The 
daily flows of the streamflow gage in Alpine Canyon (USGS gage number 13022500) 
were adjusted following the approach of Erwin et al. (2011). The Bureau of Reclamation 
(BoR) provides daily estimates of flows if the dam did not exist 
(http://www.usbr.gov/pn/hydromet/arcread.html). The difference between the actual 
flows and the flow estimates from the BoR was added to the daily streamflow in Alpine 
Canyon and a 2-yr recurrence discharge was calculated from the reconstructed flows. In 
Alpine Canyon, the discharge from Jackson Lake Dam only accounts for approximately 
30% of the total flow, and the reconstructed 2-yr recurrence flow was 22% greater than 
the actual flow record. The calculated 2-yr recurrence discharge was 675 m3/s (23,840 
ft3/s).  There are only small creeks between the confluence of the Hoback and Greys 
River at either end of the study area, so the same values were considered applicable to the 
entire study area. Unit stream power was calculated for 500-m reaches of the Snake River 
through the study area. 
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Channel-bed mapping with sonar  
Systematically mapping bed-cover in large rivers is challenging. We use side-scan 
sonar to capture images of the riverbed in order to obtain a more detailed analysis of bed 
cover in bedrock and alluvial reaches. The extent of alluvial bed cover was mapped with 
a 998c HD SI Combo side-scan sonar mounted on a raft at flows of 94-95 m3/s (3326-
3384 ft3/s). The transducer was mounted 30-40 cm below the water surface and the scan 
distance was 36.6 m (120 ft) to each side. These data were processed with SonarTRX 
software and ultimately visualized in Arcmap (Leerand Engineering Inc., 2016). Imagery 
was classified and mapped in Arcmap into polygons of bedrock if it was possible to see 
bedding structures in the underlying bedrock and alluvial otherwise. Alluvium or alluvial 
bed-cover in this case refers to sediments such as pebbles, gravels, and cobbles that are 
transported by the river as bedload, and can also include debris from landslides or 
tributaries. Images of alluvium are textured and they can sometimes be streaked parallel 
to the flow direction. Alluvium can be differentiated from bedrock because it does not 
have well-defined bedding planes or ledges (Figure 2). Because the images were only 
classified as bedrock if it was certain, it is likely that areas with only a partial mantle of 
bedload were classified as alluvial. Thus, these are likely minimum estimates of exposed 
bedrock. Riffles, rapids, and aeration of water below rapids reduced the quality of the 
images, and data are missing for sections of rapids because we had to lift the sonar out of 
the water in the most turbulent and rocky sections. The sonar did not capture the entire 
bed in places where the river was wider than the total scan distance of 73.2 m (240 ft). 
The full width was captured in narrow bedrock reaches <73 m wide, so exposed bedrock 
is likely well represented in those. In wide bedrock reaches, bedrock is often well 
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exposed on the banks and may not have been recorded in this mapping. The alluvial reach 
is often wider than what we captured with the side-scan sonar, yet banks are nearly 
always alluvial, so the percent bed-cover is representative. The percent bedrock and 
alluvial cover are normalized for 500-m reaches to account for data gaps in places we 
could not collect data and those reaches where the channel is >73 m. The last three 
reaches of the study area are not included in our analysis because we were able to see 
gravel bars, which were likely from increased sediment deposition due to Palisades 
Reservoir.   
Sediment transport analyses 
Random point counts (Wolman, 1956) for grain size and lithology (n ≥100) were 
conducted of the surface of gravel bars at four locations. Point counts were made at lower 
flows that allowed data collection from active gravel bars. To calculate sediment 
transport capacity we used Bedload Assessment for Gravel-bed Streams (BAGS) 
software (Pitlick et al., 2009) and the Wilcock and Crowe (2003) surface-based relation. 
The Wilcock and Crowe (2003) surface-based relation gives the instantaneous width-
integrated bed load transport rate in kg/min and is:  !!!!!!!∗!!!!∗!!!!!! !        (2) 
where !!∗ is the dimensionless transport rate of size fraction i, !! is the proportion of size 
fraction i on the bed surface, B is channel top width, !∗ is the shear velocity, !! is the 
density of sediment, s is relative grain density, and g is gravity (Pitlick et al., 2009; 
Wilcock and Crowe, 2003). Transport capacity calculations were made with reach-
averaged gradient and width for a range of discharges from the flow duration curve of our 
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unregulated daily flow record for Alpine Canyon. Although grain size distribution varies 
in each reach, we selected a representative sediment size distribution from West Table 
(river km 20) to use in all calculations so that we could directly compare reaches. 
Measured sediment supply and transport data are not available for the Snake River in 
Alpine Canyon, so we use morphometric measurements, transport capacity (Qc), grain-
size, and the extent of bed-cover to generalize the potential for bedrock erosion and to 
quantify potential thresholds between reaches.  
RESULTS 
Channel metrics 
The three morphologically distinct reaches along Alpine Canyon are: 1) an upper 
bedrock canyon between river km 0-5.5 (where km 0 is the confluence of the Snake River 
and the Hoback River); 2) a braided alluvial reach between river km 5.5-17; and 3) a 
lower bedrock canyon between river km 17-39 (Figure 1). The three reaches were 
distinguished in the field at low flows by whether bedrock was exposed along the bed and 
banks following the bedrock-channel definition of Turowski et al. (2007) given above. 
These three morphological reaches were divided into 500-m sub-reaches along the profile 
for morphometric and bed-cover analyses.  
Mean widths of the upper and lower bedrock reaches are 77 and 66 m in 
comparison to the braided-alluvial reach with a mean width of 133 m (Table C1). The 
distribution of the sub-reach data indicates that channel widths in the upper and lower 
bedrock reaches are less variable than the alluvial reach (Figure 3). Width varies the most 
in the alluvial reach, and is between 82 to 208 m (Figure 3 and Table C1). There are two 
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distinct patterns of width in the bedrock reaches. In both bedrock reaches, sections of the 
channel have an inner thalweg up to approximately 12 m deep, which can be seen in 
Figure 2A and B. In other places, the bedrock channel is shallow and wide. An example 
of these contrasting morphologies is at river km 29 where the river is only 70 m across 
and has a narrow inner slot (Figure 2A), in comparison to river km 32 where the river is 
124 m wide and only 0.5-2 m deep. Nevertheless, the difference in width of 54 m from 
this example is relatively small in comparison to the large variation in width within the 
alluvial reach. We also observe that the minimum width of a sub-reach in the alluvial 
reach is 82 m, which is similar to the maximum width of sub-reaches in the upper and 
lower bedrock reaches of 104 and 86 m (Table C1).  
Gradient steadily increases from upstream to downstream through each 
morphometric reach. The upper bedrock and alluvial reaches have a mean gradient of 
0.002 and the lower bedrock reach has a mean gradient of 0.003 (Table C1). Figure 3 
illustrates that sub-reach gradients have the greatest variation in the lower bedrock reach 
ranging from 0.001 to 0.006 across several rapids separated by pools. 
Mean unit stream power is higher in bedrock reaches than the alluvial reach. 
Mean unit stream power is 160 and 300 W/m2 for the upper and lower bedrock reaches, 
respectively, and 115 W/m2 for the alluvial reach. Additionally, the highest unit stream 
power occurs within the lower bedrock reach with a maximum value of 1060 W/m2 
between river km 34.5-35 (Table C1). There is also the largest variation in unit stream 
power for sub-reaches in the lower bedrock reach, with a minimum value of 145 W/m2. 
The highest unit stream power value for a sub-reach in the alluvial reach is 168 W/m2, 
which occurs at river km 16.5 just before the alluvial-bedrock transition.  
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Bed-cover in alluvial and bedrock reaches 
By definition, bedrock channels have bedrock exposed on the bed and banks, and 
have little or no alluvial bed-cover. The classification and mapping of bed-cover indicates 
that alluvial reaches have >95% alluvial cover, and that bedrock reaches have between 0-
100% alluvial cover (Figure 4). Bedrock reaches may have 100% alluvial cover in the 
classification because the sonar did not always capture the entire width of the channel, 
including bedrock along the banks. The mean alluvial bed-cover varies through the study 
area, and is 74% in the upper bedrock reach, 99% in the alluvial reach, and 56% in the 
lower bedrock reach. The lower bedrock reach has the most bedrock exposed in the study 
area and 18/39 sub-reaches have ≥50% exposed bedrock (Figure 4). There are three sub-
reaches within bedrock reaches that have >95% cover. Figure 4 shows that these three 
sub-reaches have a mean width >73 m, which means that bedrock along the banks may 
not have been captured by the sonar. Between river km 4.5-5, we observed bedrock 
outcrops along the channel banks, which are in contact with the river even at low flows. 
However, our bed-cover mapping shows 100% alluvial bed-cover in this reach. In this 
section of the river, the width was >73 m, and the water was shallow which made it 
difficult to capture the entire channel width. Regardless, we observe that the bed-cover 
transition between bedrock and alluvial reaches occurs over a distance of approximately 1 
km length.  
Local bed-cover on the Snake River is variable even over interannual timescales. 
In 2011, a landslide crossed the highway and filled approximately half the channel of the 
Snake River. A popular kayaking feature called “Taco Hole” at river km 23.2 was buried 
by landslide debris (Petley, 2011). Comparison of air photos between 2009 and 2014 in 
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Google Earth indicates that most of the landslide debris in the river channel eroded within 
five years, and the river returned to direct contact with bedrock along the bed and banks 
at and below the landslide. Yet, the landslide slowed the flow of the river above it, 
leading to the deposition of a gravel bar just upstream, which was captured with the 2016 
sonar dataset. This indicates that the Snake River can quickly rework sediment through 
the lower bedrock reach and that rounded river gravels in addition to immature deposits 
may occur as a result of landslides into the river.   
Comparisons of bedload supply and transport capacity  
Clast counts along the Snake River record the balance between local and far-
traveled sources as well as differences in the sizes of those clasts in the bedload. The 
bedload clasts are quartzite (Proterozoic — likely reworked from Eocene Pinyon 
conglomerate) and tan sandstone (upper Paleozoic and Mesozoic), with lesser amounts of 
carbonate rock types (Paleozoic and lower Mesozoic), Archean-basement schist and 
gneiss, and younger volcanic lithologies (Figure F1). Basement lithologies originate from 
the Teton and Gros Ventre ranges, and volcanic lithologies are likely from the 
Yellowstone headwaters of the Snake River or from the Absaroka Range (Stoll, 1991). 
Quartzites, basement, and volcanic lithologies are far-travelled, as there are no local 
sources for these within Alpine Canyon. Siltstones, sandstones, and carbonates likely 
originate from Paleozoic and Mesozoic strata just upstream or throughout Alpine 
Canyon. We observed a significant increase in carbonates from 0% at West Table (km 
20), to 27% at Sheep Gulch (km 33) (Figure F1). These carbonate clasts are relatively 
angular, and the D50 at Sheep Gulch is 90 mm, which is the largest median grain size 
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(Figure F2). Similarly, the percentage of siltstone and sandstone increases steadily along 
the river from 22% (km 5) to 51% (km 40) (Figure F1). Between the upstream end of the 
lower bedrock canyon at West Table (km 20) and Sheep Gulch (km 33), there is a total 
increase of local siltstone, sandstone, and carbonate clasts from 31% to 68% (Figure 5). 
The increase of local siltstone, sandstone, and carbonate clasts through the lower bedrock 
canyon suggests that there is a relatively higher local sediment supply through the lower 
bedrock canyon than upstream.  
Estimates for bedload transport capacity were made for the three morphological 
reaches with a single grain size distribution in order to observe whether there is a 
threshold in transport capacity between reaches. Bedload transport capacity increases 
with water discharge by a power-law function for all three reaches (Figure 6). For a two-
year unregulated flood of 675 m3/s, the lower bedrock reach could transport bedload at an 
estimated rate of 2000 kg/min, which is one order-of-magnitude greater than the upper 
bedrock reach that has an estimated capacity of 200 kg/min, and four orders-of-
magnitude greater than the alluvial reach that has an estimated capacity of 0.5 kg/min 
(Figure 6). The greater transport capacity of the lower bedrock reach is evident in the 
sonar bed-cover mapping, which shows that the lower bedrock reach has the greatest 
proportions of exposed bedrock. 
DISCUSSION 
The principal focus of this study has been to determine whether threshold values 
exist in i) width, ii) steepness, iii) channel alluvial cover, and iv) transport capacity (Qc) 
between bedrock and alluvial reaches in Alpine Canyon. Fluvial terrace records indicate 
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that the river has changed between bedrock and alluvial channel forms over inter-glacial 
cycles (105 years). Conversely, the rapid re-working of landslide sediment demonstrates 
the short temporal scales over that bed-cover may change (100-1 years). Bedrock and 
alluvial reaches in Alpine Canyon formed within these end-members (100-1-105 years), 
over millennial timescales, and the sudden transition zone of approximately 1 km 
supports that these reaches have a fixed location within that millennial timescale. These 
transitions are closely aligned to the changes in flow direction of the Snake River across 
the underlying bedrock strike, and it is likely that the underlying grain of the bedrock is 
ultimately responsible for the three distinct reaches in the study area. 
We verify that gradient steadily increases from upstream to downstream 
regardless of bedrock and alluvial reaches, and that gradient is not able to capture the 
differences between these reaches. Gradient may be set instead by the caliber and supply 
of the bedload, and indeed clast size increases with gradient. Width, on the other hand, is 
narrower and varies less within bedrock reaches than the alluvial reach. Besides one 
outlier, the maximum width of bedrock sub-reaches is 91 m, and the minimum width of 
an alluvial sub-reach bedrock reaches is 82 m. Thus, approximately 90 m is the threshold 
of reach-average width between bedrock and alluvial channels in this study area (Figure 
7). A similar but less distinct threshold is evident in unit stream power where there is an 
approximate threshold between alluvial and bedrock sub-reaches at 130 W/m2 (Figure 8). 
The approximate thresholds in width and unit stream power provide evidence that in our 
study area these metrics may be used to characterize between bedrock and alluvial 
reaches. As a result, outliers may represent reaches that are temporarily adjusting to an 
external forcing, such as a landslide. Additionally, sub-reaches that are near the threshold 
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may be more vulnerable to climatic or land use changes.  
The difference in transport capacity and bed-cover between reaches demonstrates 
the relative ratio between Qc and Qs in each reach. The highest transport capacity occurs 
in the lower bedrock reach, which is characterized by the lowest mean alluvial bed-cover 
(56%). An order-of-magnitude lower transport capacity in the upper bedrock reach has 
slightly more alluvial bed-cover (74%). Four orders-of-magnitude lower transport 
capacity in the alluvial reach corresponds to the highest mean alluvial bed-cover (99%). 
This study demonstrates that alluvial-bedrock transitions can easily be identified 
with side-scan sonar. Our results indicate that although these transitions cannot be 
predicted a priori, their occurrence can be modeled reasonably from morphometric 
thresholds and from calculations of transport capacity, grain size, and estimates of 
sediment supply. Transport capacity estimates are helpful to compare the potential for 
sediment transport in each reach, but they cannot show the amount of sediment that is 
actually transported. A further improvement to this study would be to measure bedload 
transport rates in the field to calibrate the transport capacity estimates, so that it is 
possible to directly compare actual transport between reaches. Results from lithologic 
clast counts show that the lower bedrock canyon has a higher proportion of local 
sediments than the upper bedrock canyon or alluvial reach. A higher proportion of local 
clasts may be due to greater amounts of landslide debris in the lower bedrock reach, 
which would result in a higher sediment supply. Comparing measured bedload transport 
rates to transport capacity and bed-cover could provide better sediment supply estimates, 
and further constrain the difference between Qc and Qs in each reach. Nevertheless, the 
combination of high sediment supply and a greater transport capacity in the lower 
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bedrock reach provide the ideal setting for bedrock incision from the tools effect in that 
reach.  
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TA
B
LES A
N
D
 FIG
U
R
ES 
Figure 3.1. Snake R
iver 
through the study area of 
A
lpine C
anyon w
ith underlying 
geologic units. Study area is 
the black box w
ithin the inset 
m
ap. G
eology is generalized 
from
 1:500,000 W
yom
ing state 
m
ap by the W
yom
ing 
G
eological Survey (U
SG
S, 
2005). B
lack dots along the 
river denote river km
 w
here the 
confluence w
ith the H
oback 
R
iver is river km
 0, and the end 
of the study area is at the 
confluence w
ith the G
reys 
R
iver near A
lpine. The outline 
of the Snake R
iver represents 
the full channel w
idth use for 
analyses in this study. B
lack 
outlines indicate the upper 
bedrock reach (km
 0-5.5), 
alluvial reach (km
 5.5-17), and 
low
er bedrock reach (km
 17-
37.5). N
ote that bed-cover 
m
apping for the low
er bedrock 
reach does not include the last 
1.5 km
 of the study area so that increased sedim
ent deposition from
 Palisades R
eservoir is not included in the analyses.  
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Figure 3.2. Examples of SonarTRX images used in bedrock-alluvial classification. 
Images are: A) narrow and deep channel in the lower bedrock reach at km 29; B) narrow 
and deep bedrock channel in the upper bedrock reach at km 3; C) small section of 
exposed bedrock with well-defined bedding planes in the lower bedrock reach at km 18; 
and D) textured alluvium in the alluvial reach at km 15. Note the clear bedding planes 
and ledges in the exposed bedrock in comparison to the textured alluvium.   
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Figure 3.3. C
hannel m
etrics of A
) w
idth, B
) gradient, and C
) unit stream
 pow
er for m
orphological reaches. B
ox-and-w
hisker 
plots have a m
edian central line and boxes m
ark central quartiles. W
hiskers are 1 σ variance. B
lack dots represent outlier 
values. The n values represent the num
ber of 500-m
 reaches included in each distribution.   
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Figure 3.4. R
elative percentages of alluvial cover and exposed bedrock from
 sonar river-bed m
apping. Subdivisions m
ark 500-
m
 reaches and asterisks represent reaches w
here percent alluvial cover and exposed bedrock w
ere norm
alized due to m
issing 
data for parts of that reach. D
ark grey sub-reaches are <73 m
 w
ide and w
ere likely fully captured by the sonar. Light grey sub-
reaches are >73 m
 w
ide so exposed bedrock m
ay be underestim
ated because sonar w
as unable to record im
ages of both banks. 
The x-axis is the distance along the river from
 the H
oback confluence (0 km
) that is view
ed from
 right to left, or east to w
est 
along the river. D
ashed line represents a possible threshold for alluvial cover betw
een bedrock and alluvial reaches around 
95%
.   
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Figure 3.5. Bed-surface sediment lithologies and sizes from point counts. Circle 
diameters scale to the median grain size of sediment (scale bar of 25 mm), with D50 
changing upstream to downstream from 60, 55, 90, to 60 mm. Local represents siltstone, 
sandstone, and carbonate rock types that are local to the study area. Upstream represents 
quartzites, basement, and volcanic lithologies that are far-travelled. 
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Figure 3.6. Estimates for bedload transport capacity in each reach. Dashed line is 
exceedance probability curve for range of discharges in the record. Red line is the 2-year 
flood recurrence flow. Note that for a 2-year flood, upper and lower bedrock reaches have 
orders of magnitude greater transport capacities than the alluvial reach.  
 
 
Figure 3.7. Alluvial cover as a function of reach width along the Snake River. Black 
dashed line shows a potential width threshold of 90 m.  
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Figure 3.8. Alluvial cover as a function of unit stream power along the Snake River. 
Black dashed line shows a potential unit stream power threshold of 130 W/m2.  
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CHAPTER 4 
                                                             SUMMARY 
This Thesis includes two core chapters exploring the river incision history and 
transitions between bedrock and alluvial channel forms centered on Alpine Canyon of the 
Snake River, WY. These chapters are summarized below.  
Incision patterns in Alpine Canyon  
Fluvial terrace deposits and long-profile and topographic patterns of the mainstem 
Snake River record the incision history along the tailing margin of the Yellowstone 
hotspot. Two primary fill terrace gravels were identified, and fluvial-terrace chronology 
from OSL ages of these terrace deposits indicates two episodes of aggradation between 
110-65 ka and 25-11 ka. These episodes of aggradation are timed with glacial epochs and 
agree with Hancock and Anderson’s (2002) hypothesis that fluvial-terrace formation is 
linked to orbital glacial cycles. Incision rate estimates of approximately 265 m/Myr in 
Alpine Canyon are moderate in relation to incision rates of the western U.S. and 
comparable to those on the leading edge of the Yellowstone hotspot. Morphometric 
adjustments and steepness analyses in the context of significant differences in bedrock 
strength show that bedrock resistance has a greater influence on smaller 2nd to 4th order 
drainages than the mainstem Snake River, indicating that varying bedrock resistance 
should be considered in steepness analyses. The broad knickzone that is pinned in 
resistant carbonate rocks at the mouth of the canyon, deeply incised basin fill extending 
below the canyon, and ! patterns suggesting the eastward movement of the Snake River 
Range drainage divide all support that baselevel fall is generated in the eastern SRP, and 
85 !!
not as a result from uplift in the Yellowstone region or activity along the Grand Valley 
fault. Additional studies are required to further constrain the timing and magnitude of 
baselevel fall in the eastern SRP, and this study will hopefully inspire future studies of 
tectonism and landscape evolution of the Yellowstone hotspot region.  
Thresholds between bedrock and alluvial channel forms 
The principal focus of this study has been to determine whether threshold values 
exist in i) width, ii) steepness, iii) channel alluvial cover, and iv) transport capacity (Qc) 
between bedrock and alluvial reaches in Alpine Canyon. We observe that bedrock 
alluvial transitions occur over short transition zones of 1 km and are closely aligned to 
the changes in flow direction of the Snake River across the underlying bedrock strike. 
Thus the underlying grain of the bedrock is ultimately responsible for the three distinct 
reaches in the study area. We verify that gradient steadily increases from upstream to 
downstream regardless of bedrock and alluvial reaches, and that gradient is not able to 
capture the differences between these reaches. Width, on the other hand, is narrower and 
varies less within bedrock reaches than the alluvial reach, and we propose a threshold 
width of 90 m for this study area. This study demonstrates that alluvial-bedrock 
transitions can easily be identified with side-scan sonar. Our results indicate that although 
these transitions cannot be predicted a priori, their occurrence can be modeled reasonably 
from morphometric thresholds and from calculations of transport capacity, grain size, and 
estimates of sediment supply. 
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Appendix/Plate A. Surficial map of Alpine Canyon 
(Please refer to the map at the end of the document)
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Appendix B. Bedrock-reach geomorphic data 
              !
Figure B1. Stratigraphic column showing relative proportions of shale, sandstone and 
siltstone, and limestone for lithologies in Alpine Canyon.  
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TABLE B1. BEDROCK GROUPS AND ROCK STRENGTH DATA 
 
Schmidt 
Hammer # 
 Average 
fracture 
spacing (m) 
Selby 
RMS* 
Shale** 
(%) 
SST** 
(%) 
Limestone** 
(%) 
Mean unit 
stream 
power# 
(W/m2) 
1: Lower Paleozoic carbonates: Gros Ventre, Gallatin, and Bighorn† Fms  
 52 ± 4  0.60
§ 86 42.5 0 57.5 568 ± 382 
   0.02
§     
 
2: Middle-upper Paleozoic carbonates: Darby, Lodgepole, Mission Cny†, Wells and 
Phosphoria Fms  
 
 54 ± 5  0.07 86 13.0 17.4 69.2 266 ± 106 
3: Lower Mesozoic sedimentary rocks: Dinwoody, Woodside, Thaynes, Ankareh, 
Nugget†, and Gypsum Spring Fms  
 
 61 ± 4  0.07 90 43.9 34.3 21.8 N.D.
†† 
4: Middle Mesozoic sedimentary rocks: Twin Creek†, Pruess †, and Stump†   
 54 ± 5  0.23 86 71.4 11.4 17.2 177 ± 45 
5: Upper Mesozoic sedimentary rocks: Gannet†, Bear River†, and Aspen† Fms   
 52 ± 6  0.28 86 29.0 61.0 9.9 232 ± 119 
 * Normalized Selby RMS number includes Schmidt hammer values, average fracture     
spacing, and weathering (Selby, 1993). 
† Indicates formations from which Schmidt hammer measurements were possible. 
§ Two groups of fracture spacing. 
# Mean was taken from 500-m sub-reaches within bedrock reaches only  
** From Wanless et al. (1955) combined from Table A3. 
†† N.D. = not determined. 
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B
LE B
2. B
ED
R
O
C
K
 LITH
O
LO
G
IC
 D
A
TA
 FR
O
M
 W
A
N
LESS ET A
L. (1955) 
Form
ation 
Locality 
Total 
(m
) 
S
hale 
(m
) 
S
iltstone/ 
S
andstone 
(m
) 
Lim
estone 
(m
) 
S
hale 
(%
) 
S
iltstone/ 
S
andstone 
(%
) 
Lim
estone 
(%
) 
G
roup 5 
 
 
 
 
 
 
 
 
A
spen 
C
abin-D
og C
reek 
362.7 
32.6 
299.6 
20.4
§ 
9 
85 
6 
B
ear R
iver  
D
og C
reek 
259.1 
121.3
* 
119.8 
17.8 
47 
46 
7 
G
annet 
C
abin-D
og C
reek 
74.7 
44.2 
0 
30.5 
59 
0 
41 
G
roup 4 
 
 
 
 
 
 
 
 
S
tum
p  
C
abin C
reek 
32.0 
17.5 
7.5 
7.0 
55 
24 
22 
P
ruess  
C
abin C
reek 
29.8 
0 
29.8 
0 
0 
100 
0 
Tw
in C
reek  
C
abin C
reek 
265.5 
216.3 
0 
49.3 
81 
0 
19 
G
roup 3 
 
 
 
 
 
 
 
 
G
ypsum
 S
pring  
C
abin C
reek 
32.3 
11.0 
0 
21.3 
34 
0 
66 
N
ugget  
C
abin C
reek 
79.9 
0 
80.0 
0 
0 
100 
0 
Thaynes, A
nkareh  
R
ed C
reek 
334.4 
116.1 
101.5 
116.7 
35 
30 
35 
W
oodside  
R
ed C
reek 
142.6 
71.3 
71.3 
0 
50 
50 
0 
D
inw
oody  
R
ed C
reek 
167.7 
134.0 
7.0 
26.8 
80 
4 
16 
G
roup 2 
 
 
 
 
 
 
 
 
P
hosphoria
 † 
Table 5
#  
63.0 
24.78 
2.5 
32.1
§ 
42 
4 
54 
W
ells  
Table 5  
301.9 
64.8
** 
140.8 
96.3
§ 
22 
47 
32 
M
ission C
ny, Lodgepole  
B
elow
 N
arrow
s 
379.2 
0 
0 
379.2 
0 
0 
100 
D
arby  
B
elow
 N
arrow
s 
178.5 
30.21 
17.3 
131.0 
17 
10 
73 
G
roup 1 
 
 
 
 
 
 
 
 
B
ighorn  
B
elow
 N
arrow
s 
189.0 
0 
0 
189.0 
0 
0 
100 
G
allatin  
B
elow
 N
arrow
s 
64.7 
0 
0 
64.7 
0 
0 
100 
G
ros V
entre 
B
elow
 N
arrow
s 
294.8 
233.3 
0 
61.5 
79 
0 
21 
* Includes coal in shale percentage. 
† D
oes not include phosphate, present in form
ation. 
§ Includes porcellanite. 
# From
 W
anless et al. (1955)  
** Includes iron sedim
ent and gypsum
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Appendix C. Reach scale metrics 
TABLE C1. REACH SCALE METRICS 
Downstream 
distance (m) 
Mean 
channel 
width* 
(m) 
Gradient† Unit 
stream 
power 
(W/m2) § 
Landslides 
(1 = yes, 0 
= no) 
Bedrock 
group 
Alluvial 
bed-
cover 
(%) 
Exposed 
bedrock 
(%) 
0 71 0.002 186 1 5 82 18 
500 71 0.001 131 1 5 68 32 
1000 78 0.002 154 1 5 78 22 
1500 104 0.002 127 0 5 67 33 
2000 73 0.002 163 1 5 66 34 
2500 71 0.003 281 1 5 44 56 
3000 59 0.002 180 1 5 49 51 
3500 78 0.001 51 1 5 88 12 
4000 91 0.002 174 0 2 95 5 
4500 81 0.002 146 0 2 100# 0# 
5000 75 0.002 159 0 2 100 0 
5500 118 0.002 124 0 3 100 0 
6000 99 0.002 148 0 3 100 0 
6500 117 0.002 113 0 3 100 0 
7000 114 0.002 139 0 3 100 0 
7500 143 0.002 111 0 3 100 0 
8000 159 0.003 108 0 3 100 0 
8500 208 0.003 108 0 3 100 0 
9000 109 0.002 97 0 3 98 2 
9500 102 0.001 91 0 3 100 0 
10000 145 0.002 82 0 3 97 3 
10500 171 0.002 70 0 3 99 1 
11000 138 0.002 86 0 3 100 0 
11500 197 0.003 88 0 3 100 0 
12000 168 0.004 165 0 3 94 6 
12500 159 0.003 117 0 3 100 0 
13000 163 0.003 122 0 3 99 1 
13500 132 0.002 120 0 3 100 0 
14000 104 0.003 165 0 3 99 1 
14500 106 0.002 100 0 4 97 3 
15000 82 0.001 80 0 4 100 0 
15500 110 0.002 120 0 4 100 0 
16000 110 0.002 120 1 4 98# 2# 
16500 110 0.003 168 0 5 95# 5# 
17000 71 0.002 224 1 5 97# 3# 
17500 64 0.002 165 1 5 86 14 
18000 78 0.002 204 1 5 63 37 
18500 79 0.002 184 0 5 72 28 
19000 82 0.002 177 0 5 96 4 
19500 77 0.003 257 0 5 89 11 
20000 86 0.003 201 0 5 84 16 
20500 77 0.003 276 0 5 47 53 
21000 69 0.002 153 0 5 9 91 
21500 64 0.001 145 1 4 44 56 
22000 63 0.002 209 0 4 41 59 
22500 57 0.004 439 0 5 30# 70# 
23000 50 0.004 561 1 5 62# 38# 
23500 53 0.004 449 1 5 45 55 
24000 59 0.003 315 1 5 74 26 
24500 67 0.002 237 0 5 51 49 
25000 65 0.002 205 0 2 51 49 
25500 75 0.002 159 0 2 89 11 
26000 82 0.002 145 0 2 89 11 
26500 77 0.002 190 0 2 75 25 
27000 66 0.004 362 0 2 31 69 
27500 68 0.004 391 0 2 71# 29# 
28000 45 0.003 499 0 2 0 100 
28500 54 0.003 341 0 2 8 92 
29000 65 0.003 284 0 2 32# 68# 
29500 58 0.003 298 0 2 55 45 
30000 59 0.002 247 1 2 75 25 
30500 46 0.002 317 0 2 30 70 
31000 81 0.004 327 0 2 1 99 
31500 73 0.005 470 0 2 46 54 
 !! 92 
32000 76 0.003 243 0 2 63# 37# 
32500 66 0.002 181 0 2 #   # 
33000 76 0.002 175 0 2 #  # 
33500 81 0.005 375 0 2 #  # 
34000 63 0.006 678 0 1 #  # 
34500 34 0.005 1060 0 1 0# 100# 
35000 60 0.003 286 0 2 50# 50# 
35500 48 0.002 307 0 1 9 91 
36000 52 0.002 229 0 1 3 97 
36500 79 0.002 151 0 2 50 50 
37000 77 0.002 171 0 N.D.** 100 0 
37500 76 0.002 180     0 N.D.** 100 0 
*Channel width from aerial imagery. 
† Gradient from longitudinal GPS profile (500 ± 12.5 m smoothed).  
§ Using reconstructed 2-year flood discharge of 675 m3/s. 
# Percent bed-cover and exposed bedrock were normalized for this reach due to data gaps, 
   or no data was recorded. 
** N.D. = not determined. 
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 A
ppendix D
. O
SL
 data 
TABLE!D1.!OSL!DOSE!RATE!INFORMATION!
D
eposit * 
Location 
S
am
ple # 
 In-situ H
2 O
 
(%
) † 
G
rain size (µm
) 
 K
 (%
) § 
R
b (ppm
)  § 
Th (ppm
)  § 
U
 (ppm
)  § 
C
osm
ic 
(G
y/ka) 
P
1 
A
bove C
abin C
reek 
U
S
U
-2106 
N
.D
. # 
90-150  
1.96 ± 0.05  
103.0 ± 4.1  
12.6 ± 1.1  
3.9 ± 0.3  
0.23 ± 0.02  
T1 
B
elow
 C
abin C
reek 
U
S
U
-2302
** 
4.6  
75-150  
3.96 ± 0.10  
1.21 ± 0.03  
1.15 ± 0.03  
106.0 ± 4.2  
47.7 ± 1.9  
45.7 ± 1.8  
37.2 ± 3.4  
5.4 ± 0.5  
6.2 ± 0.6  
3.1 ± 0.2  
1.4 ± 0.1  
1.7 ± 0.1  
0.10 ± 0.01  
T2 
B
oy S
cout C
am
p 
U
S
U
-2079 
3.1  
150-250  
1.42 ± 0.04  
61.1 ± 2.4  
7.2 ± 0.7  
2.4 ± 1.7  
0.19 ± 0.02  
T2 
W
est Table C
am
p 
U
S
U
-2020 
22.6  
90-150  
1.34 ± 0.03  
52.7 ± 2.1  
6.4 ± 0.6  
1.8 ± 0.1  
0.25 ± 0.02  
T2 
N
ear A
lpine 
U
S
U
-1999 
5.4  
125-250  
1.40 ± 0.04  
54.1 ± 2.2  
7.0 ± 0.6  
1.9 ± 0.1  
0.04 ± 0.00  
T3 
A
storia (low
er) 
U
S
U
-2080 
8.0  
90-150  
1.41 ± 0.04  
58.2 ± 2.3  
7.7 ± 0.7  
2.0 ± 0.1  
0.02 ± 0.00  
T3 
A
storia (upper) 
U
S
U
-2303
†† 
4.9  
150-250  
1.66 ± 0.04  
1.16 ± 0.03  
70.8 ± 2.8  
46.4 ± 1.9  
6.7 ± 0.6  
4.9 ± 0.4  
1.7 ± 0.1  
1.9 ± 0.1  
0.03 ± 0.00  
T3 
S
porting C
lub G
ravel P
it 
U
S
U
-1996 
6.5  
90-150  
1.32 ± 0.03  
57.6 ± 2.3  
10.6 ± 1.0  
2.8 ± 0.2  
0.17 ± 0.02  
T3 
S
porting C
lub R
oadcut 
U
S
U
-1998 
7.0  
90-150  
0.94 ± 0.02  
31.8 ± 1.3  
4.4 ± 0.4  
1.7 ± 0.1  
0.04 ± 0.00  
T3 
N
ear A
lpine 
U
S
U
-2019 
15.4  
90-150  
1.60 ± 0.04  
74.2 ± 3.0  
11.0 ± 0.99  
2.9 ± 0.2  
0.06 ± 0.01  
 * O
rganized by stratigraphic and long-profile position. 
 †A
ssum
ed 10 ±!3%!for!all!samples!as!moisture!content!over!burial!history.! 
 §R
adioelem
ental concentrations determ
ined by A
LS
 C
hem
ex using IC
P
-M
S
 and IC
P
-A
E
S
 techniques; dose rate is derived from
 concentrations by conversion factors from
 
    G
uérin et al. (2011).  
# N
.D
. = not determ
ined. 
**Three subsam
ples w
ith w
eighted average used in total beta and gam
m
a dose rates (listed top to bottom
): 1) ’granite’ - 10%
 of gam
m
a dose rate only; 2) ’pebbles’ - 10%
 to  
   gam
m
a dose rate only; 3) ’sand’ - 80%
 to gam
m
a dose rate and 100%
 of beta dose rate.  
††Tw
o subsam
ples w
ith w
eighted average (listed top to bottom
): 1) ’pebbles’ - 25%
; 3) ’sand’ - 75%
. 
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A
ppendix E
. T
errace cross-sections 
!
Figure!E1.!A
dditional representative cross sections. Include O
SL ages for the alluvial reach and low
er bedrock canyon.  
D
eposits are as follow
s: Q
ag (alluvial gravel), Q
agp (piedm
ont/tributary deposits), Q
al (alluvium
).
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Appendix F. Clast-count data 
 
Figure F1. Bed-surface sediment lithologies and sizes from point counts. Circle diameters 
scale to the median grain size of sediment (scale bar of 25 mm), with D50 changing 
upstream to downstream from 60, 55, 90, to 60 mm. Circles also show relative 
percentages of lithologies present in each location.   
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Figure F2. Bed-surface grain size distributions for gravel bars along the Snake River.  
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B
ase  m
ap  from
  U
.S
.  G
eological  S
urvey  1:24,000-­scale  m
etric  topographic  m
ap  of  the  A
lpine,  Idaho-­
W
yom
ing,  1966,  Ferry  P
eak,  W
yom
ing,  1963,  P
ine  C
reek,  W
yom
ing,  1965,  M
unger  M
ountain,
W
yom
ing,  1963,  and  C
am
p  D
avis,  W
yom
ing,  1965  Q
uadrangles
B
ase  hillshade  derived  from
  the  U
nited  S
tates  E
levation  D
ata  (N
E
D
),  10-­m
eter  D
igital  E
levation
M
odel  (D
E
M
),  2015;;  azim
uth  315º,  sun  angle  45º
P
rojection:  U
niversal  Transverse  M
ercator  (U
TM
),  zone  12  N
orth  A
m
erican  D
atum
  of  1983  (N
A
D
  83)
4,000-­m
eter  grid  ticks:  U
TM
,  zone  12
0
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iles
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L  40  FE
E
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S
C
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  1:24,000
Q
c
H
illslope  colluvium
.  D
eposits  of  gravity  driven  hillslope  processes,  including  rock  falls
and  avalanches,  ravel,  and  creep.  Taluses  are  cones  of  angular  cobbles  and  sm
all
boulders  along  the  bases  of  cliffs,  especially  com
m
on  as  derived  from
  the  M
adison
group  in  the  low
er  bedrock  canyon,  and  also  prom
inent  along  the  alluvial  reach  in  from
Jurassic  rocks.
Q
al
A
lluvium
  of  the  active  S
nake  R
iver  and  tributaries.  M
ainstem
  S
nake  R
iver  deposits
are  
sorted  
sand,  
pebbles  
and  
cobbles  
underlying  
the  
channel  
and  
floodplain.
U
nknow
n  
total  
thickness  
in  
alluvial  
reach,  
but  
thickness  
in  
bedrock  
reaches  
is
estim
ated  to  be  less  than  1  m
.  Field  observations  and  indications  from
  riparian
vegetation  suggest  that  the  active  floodplain  of  the  S
nake  R
iver  in  the  alluvial  valley  is
as  high  as  ~2  m
  above  the  current  channel.  Im
bricated,  clast-­supported  pebbles  and
cobbles  underlie  the  channel  w
hile  norm
al-­graded  gravel  to  silt  occur  as  overbank
deposits  
in  
the  
floodplain.  
The  
bedload  
clasts  
are  
quartzite  
(P
roterozoic—
likely
rew
orked  from
  E
ocene  P
inon  conglom
erate)  and  tan  sandstone  (upper  P
aleozoic  and
M
esozoic)  
w
ith  
lesser  
am
ounts  
of  
carbonate  
rock  
types  
(P
aleozoic  
and  
low
er
M
esozoic),  A
rchean-­basem
ent  schist  and  gneiss,  and  younger  volcanic  lithologies.
B
ar-­and-­sw
ale  topography  is  preserved,  and  grasses,  riparian  trees,  and  evergreens
are  present  on  different  sub-­levels  of  the  floodplain.  W
here  the  S
nake  R
iver  is  a  m
ulti-­
threaded  channel  in  the  alluvial  reach,  the  floodplain  is  dissected  by  active  channels
eroding  gravels  in  the  bar  and  sw
ale.  The  active  channel  including  the  floodplain  is
74-­95%
  w
ider  in  the  alluvial  section  (river  km
  5-­16.5)  com
pared  to  bedrock  reaches.
The  floodplain  in  the  bedrock  part  of  the  channel  is  absent  and  instead  there  is  has  a
bedrock  and  gravel-­lined  channel  w
ith  historic  stages  up  to  ~4  m
  in  range.  Tributary
deposits  are  clast-­supported  and  m
inor  m
atrix-­supported  alluvium
  and  debris  flow
deposits  of  unknow
n  total  thickness.  Tributary  deposits  vary  from
  m
ainly  bare  bedrock
in  steep  or  actively  
incising  channels  
to  
clasts  that  
are  subangular-­subrounded
pebbles  to  boulders.
P
iedm
ont-­tributary  alluvial  gravel  of  terrace  level  1  (H
olocene  and  latest  P
leistocene).
U
p  to  ~5  m
  thick.  C
last-­supported  and  m
inor  m
atrix-­supported  alluvium
  and  debris
flow
  deposits  from
  tributary  stream
s.  C
lasts  are  subangular-­subrounded  pebbles  to
boulders  and  crudely  stratified  w
ith  thin  tabular  bedding  in  som
e  deposits.  D
eposits
typically  overlie  and  prograde  over  Q
ag
1
m
ainstream
  terrace  deposits.  D
om
inant  in
m
any  of  the  bigger  tributaries  valley  bottom
s  such  as  B
ailey,  M
artin,  C
abin,  and  Fall
creeks  along  w
ith  Q
agp
2 .  U
nit  m
apped  only  in  low
est  0.5  km
  of  tributary  valleys.
Q
agp
1
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S
nake  R
iver  alluvial  gravel  of  terrace  level  1  (H
olocene  and  latest  P
leistocene).
Thickness  of  terrace  fill  is  2-­6  m
.  C
last-­supported,  rounded,  im
bricated  pebbles  and
cobbles,  w
ith  rare  sand  lenses  that  have  som
e  planar  bedding.    M
atrix  is  largely  sand.
A  3-­4  m
-­high  bedrock  strath  is  w
ell  preserved  at  river  km
  5  and  12.5,  but  in  other
places  the  strath  is  obscured  or  buried  by  gravels.  Q
ag
1
is  best  preserved  in  the  w
ide
alluvial  reach,  w
ith  rare  cases  in  the  upper  and  low
er  bedrock  canyon.  A
t  km
  17  on  the
left  bank,  Q
ag
1
is  com
posed  of  beveled  landslide  depsoits.
Q
ag
1
?
??
Q
U
ATE
R
N
A
R
Y
  FA
U
LTS
G
rand  Valley  faultThe  G
rand  Valley  fault  is  a  north  to  southeast-­striking  norm
al  fault  along  the  w
estern
front  of  the  S
nake  R
iver  R
ange  and  roughly  perpendicular  to  the  trend  of  the  S
nake
R
iver  P
lain.  P
iety  et  al.  (1992)  docum
ented  a  possible  80  m
  long  scarp  on  the  Q
ag
2
surface  just  south  of  the  S
nake  R
iver,  but  the  scarp  has  no  evidence  of  shearing  and
they  concluded  that  it  w
as  m
ost  likely  deposited  over  an  older  bedrock  scarp.  The  lack
of  evidence  for  tectonic  tilt  of  the  low
er  P
leistocene  and  upper  P
liocene  Long  S
pring
Form
ation  indicates  that  there  has  not  been  slip  along  this  fault  since  the  P
liocene
(P
iety  et  al.,  1992).  Fault  is  dotted  w
here  concealed,  dashed  w
here  approxim
ate,  and
a  solid  line  w
here  know
n.
A
storia  fault
The  A
storia  norm
al  fault  system
  is  not  recorded  on  published  m
aps  but  has  been
recognized  
by  
regional  
w
orkers  
(D
avid  
R
odgers  
and  
S
pencer  
W
ood,  
personal
com
m
unication,  January  12,  2016;;  A
dolph  Yonkee,  personal  com
m
unication,  January
6,  2016).  It  is  south-­striking  and  dips  ~60°  w
here  exposed  in  the  roadcut  near  the
A
storia  H
otsprings  bridge  at  km
  ~5.3.  Fault  gouge  separating  Q
ag
3
in  the  hanging  w
all
from
  lim
estone  in  the  footw
all  suggests  that  the  fault  is  potentially  active  over  the  past
100  ky.  This  fault  cannot  be  traced  south  as  there  are  no  evident  fault  scarps  (D
avid
R
odgers  and  S
pencer  W
ood,  personal  com
m
unication,  January  12,  2016;;  A
dolph
Yonkee,  personal  com
m
unication,  January  6,  2016).  Fault  is  dotted  w
here  concealed,
dashed  w
here  approxim
ate,  and  a  solid  line  w
here  know
n.
4 Ô4 Ô
P
iedm
ont-­tributary  
alluvial  
gravel  
(latest  
P
leistocene).  
C
last-­supported  
and  
m
inor
m
atrix-­supported  alluvium
  and  debris  flow
  deposits  from
  tributary  stream
s,  up  to  ~5  m
thick.  C
lasts  are  subangular-­to-­subrounded  pebbles  to  boulders  and  crudely  stratified
w
ith  thin  tabular  bedding  in  som
e  deposits.  D
eposits  typically  overlie  and  prograde
over  Q
ag
2
m
ainstream
  terrace  deposits.  D
om
inant  in  m
any  of  the  bigger  tributaries
valley  bottom
s  such  as  B
ailey,  M
artin,  C
abin,  and  Fall  creeks  along  w
ith  Q
agp
1 .  U
nit
m
apped  only  in  low
est  0.5  km
  of  tributary  valleys.
Q
agp
2
S
nake  R
iver  alluvial  gravel  of  terrace  level  3  (late  P
leistocene).  Fill  thickness  is  ~35-­84
m
.  C
last-­supported,  rounded,  im
bricated  pebbles  and  cobbles  w
ith  som
e  m
oderately
sorted  interbedded  pebbles  and  w
ell-­sorted,  fining  upw
ards,  lenticular  sand-­lenses  w
ith
ripple  lam
inations.  The  terrace  tread  is  40-­55  m
  above  the  m
odern  S
nake  R
iver.  This
terrace  is  best  preserved  in  the  alluvial  reach,  and  past  the  m
outh  of  the  canyon
around  A
lpine.  It  is  also  w
ell  preserved  in  the  low
er  bedrock  canyon  beneath  Q
agp
3 ,  at
river  km
  17.5,  21.5,  27,  and  33.5.  The  deposit  in  A
lpine  is  covered  by  a  ~15  m
  thick
loess  cap,  w
hich  is  m
assive  silt  and  very  fine  sand.
Q
ag
3
P
iedm
ont-­tributary  alluvial  gravel  (late  P
leistocene).    Fill  thickness  is  ~3-­15  m
.  C
last-­
supported  and  m
inor  m
atrix-­supported  alluvium
  and  debris  flow
  deposits  from
  tributary
stream
s.  C
lasts  are  subangular-­to-­subrounded  pebbles  to  boulders.  D
eposits  typically
overlie  and  prograde  over  Q
ag
3
m
ainstream
  terrace  deposits.  U
nit  m
apped  only  in
low
est  0.5  km
  of  tributary  valleys.
Q
agp
3
S
nake  R
iver  alluvial  gravel  of  terrace  level  2  (latest  P
leistocene).  B
est  preserved  in
the  bedrock  reaches  of  the  canyon  betw
een  river  km
  0-­4  and  17-­39.  Thickness  of  fill  is
5-­16  m
.  C
last-­supported,  rounded,  im
bricated  pebbles  and  cobbles  and  m
oderately-­
sorted  lenticular  sand  lenses  w
ith  som
e  cross-­bedding.  In  som
e  cases,  cobbly  basal
units  are  capped  w
ith  up  to  6  m
  of  w
ell-­sorted  alluvial  sand,  as  w
ell  as  capping  sand
and  silt  loess  deposits.  Fill  thickness  is  5-­9  m
  in  the  upper  bedrock  canyon  and  11-­16
m
  in  the  low
er  bedrock  canyon.  Terrace  tread  is  the  highest  upstream
  near  H
oback
and  also  dow
nstream
  tow
ards  A
lpine  w
here  it  is  ~18.5  m
  and  ~23  m
,  respectively,
w
hile  it  is  low
er  in  the  upper  section  of  the  low
er  bedrock  reach,  w
here  it  is  ~12-­14  m
above  the  m
odern  profile.  Terraces  are  w
ell  preserved  beneath  Q
agp
2 ,  and  there  are
also  several  instances  of  a  Q
ag
2y
fill-­cut  terrace  at  river  km
  0.75,  22.5-­21.5,  26,  30.5-­
33.5,  and  38,  w
here  Q
ag
2
w
as  partly  incised  to  a  low
er  tread  ~10  m
  above  the  m
odern
profile.  In  the  low
er  bedrock  canyon  Q
ag
2y
terraces  can  be  beveled  to  the  bare
bedrock  strath  locally,  such  as  at  river  km
  24.
Q
ag
2
E
xposed  bedrock  and/or  area  not  w
ithin  the  study  area.
Q
m
s
M
ass  m
ovem
ent  (landslide)  deposits.  D
eposits  are  translational  slides  or  slum
ps  of
poorly  
sorted,  
m
atrix-­supported,  
angular  
diam
icton.  
Landslides  
have  
hum
m
ocky
topography,  can  be  as  large  as  4  
km
2,  
and  
are  
num
erous  
in  
association  
w
ith
C
retaceous  form
ations  located  betw
een  river  km
’s  0-­4  and  15-­25.5.  M
apping  of  Q
m
s
w
as  m
ade  partly  in  reference  to  the  P
relim
inary  Landslide  M
ap  of  the  W
yom
ing  S
tate
G
eologic  S
urvey  (W
yom
ing  S
tate  G
eologic  S
urvey,  2001).
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